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IN VARIOUS engineering applications, carbon steel 
wires and wire ropes are exposed to low ambient 
temperature conditions whilst they are subjected to 
repeated tensile and bending stresses. Although much 
is known of the effects of low temperature on the 
mechanical properties of wrought-steel bar in various 
conditions of heat-treatment, little information has 
been published on the low-temperature properties 
of cold-drawn wire. Pester! tested wires in tension 
and found that in the case of a 0-8% C steel, the 
U.T.S. increased from 110 tons/in? at -- 20°C to 
117 tons/in* at — 60° C, with a corresponding decrease 
in reduction in area from 43% to 40%. Similar 
temperature dependencies were reported by Pomp 
and Krisch,? who tested wire of several compositions 
after different degrees of reduction by cold drawing. 
They also carried out reverse-bend tests using formers 
about five times the diameter of the wire, which 
produced failure in less than 100 reversals. These 
tests showed little temperature dependency of reverse- 
bend endurance over the range + 20° to — 50°C. 


Table I 
MATERIAL USED IN INVESTIGATION 

















Analysis, °, 
—— 
Wire ' ¢ Mn Si s Pp 
0.5C as-drawn 0-47 0-48 0-10 0-050 0-041 
0-5C electro- 0-54 0-68 0-16 0-034 0-028 
galvanized 
0-5C annealed 0:46 0-50 0-12 0-048 0-041 
0-75C as-drawn 0-72 0-62 0-19 0-038 0-029 
0-75C electro- 0-77 0-51 0-13 0-041 0-042 
galvanized 
0-75C annealed 0:73 0-62 0-19 0-041 0-030 
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SYNOPSIS 

Tensile, impact, fatigue, and reverse bend tests were made at 
temperatures ranging from -+ 20° to — 60°C on 0-044-in. dia. 
carbon steel wire similar to that used in wire-rope manufacture. 
The materials were of 0.5% and 0-75°, C contents and each was 
tested in the annealed, as-drawn, and electro-galvanized condition. 

The proof stress and U.T.S. values in the tensile tests were found 
to increase with decrease of temperature, whilst the tensile reduction 
in area and notch-bend impact energy values decreased: these 
effects were relatively small at temperatures down to — 60° C. 
In the fatigue tests the endurance limit increased with decrease of 
temperature except for the electro-galvanized materials, which 
showed decreases in endurance limit associated with crack forma- 
tion in the zinc coating. 

Endurance tests at applied strains of up to 5°, were carried out 
by reverse-beading around formers. At each temperature the rate 
of decrease of endurance with increase of applied strain became 
markedly greater when the deformation became predominately 
plastic. Within this higher strain range, decrease of temperature 
produced a deterioration in specimen life at a given strain level for 
all the materials. The reverse-bend properties for the electro-gal- 
vanized wires were superior to those for the as-drawn at — 20°C, 
but showed a greater deterioration on cooling to — 60° C, especi- 
ally when the results were compared on an equivalent stress basis. 

1171 


The present investigation was undertaken to 
provide further information on the effects of low 
temperature on the tensile, fatigue, and reverse-bend 
strength of steel wire, and the influence of electro- 
galvanizing on these properties. 

Material 

The wires supplied had been prepared from steels 
of approximately 0°5% and 0-75% C contents 
(see Table I) and they were tested in three conditions: 
as-drawn, annealed, and electro-galvanized. The 
as-drawn wire was 0-044 in. dia. and was obtained 
by a 88-89% total reduction by drawing from rod 
patented at 950-980°C. The annealed wire was 
prepared from the as-drawn material by heating in 
coils in a pot furnace at 700°C for 12 h, using a 
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Fig. 1—Schematic diagram of tensile apparatus and cooling system 
producer gas seal. The electro-galvanized wire was the average external diameter was 0-0448 in. with a 
drawn from patented rod which had been electro- steel core of 0-0432 in. dia. 
plated with zinc in a continuous process after pickling The as-drawn and electro-galvanized materials 
in hydrochloric acid. This resulted in wire for which showed a fine microstructure which was banded 
Table II 
TENSILE TEST RESULTS 
l ] | | 
| 0-1% 0-1°% 0-5% 
Tempera- | Young’s —§ proof Proof Proof U.T.S Reduction 
Designation of Speci | ture, | Modulus, i i 
esignation of Specimen “o | : onajia” | Stress, bene Stress, tons/in pe 4 0, 
| | | 
| | 
0-5C as-drawn +20 | 12500 38-8 59.2 81-6 85-0 47-0 
—30 | 60-5 83.9 88-0 44.0 
—60 | 61-2 88-3 91-5 44.5 
0-5C electro-galvanized +20 | 12100 40-5 | 71-0 96-4 98-9 54.5 
—30 | 75-1 99-6 103-3 49-5 
—60 | 80-1 103-5 106-2 50-5 
0-5C annealed | +20 | 13600 24-2 27-7 29.5 38-2 73-0 
—30 | | 29.4 31-6 41.3 72-5 
—60 | 30-6 34-0 43.4 66-5 
0-75C as-drawn +20. | 12600 62-3 | 92-5 120-0 121-6 53-5 
—30 | | 93-0 124-5 126-0 48.5 
—60 | 93-5 130-5 132-0 46-0 
0-75C electro-galvanized +20 12150 67-5 89.8 119.0 127-5 50-5 , 
—30 | 97.2 128-8 130.4 45-5 para 
—60 | 105-7 134.2 137-1 47-5 these 
! | fi s 
0-75C annealed +20 | 13100 25-0 40-0 41.1 46-5 60-5 . og: 
—30 40-8 43-5 48.7 56-0 = 
—60 | | 41-7 46-2 50.4 57-5 axis. 
orien 
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. Fig. 2—Effect of temperature on tensile stress/strain curves 
. parallel to the wire axis, typical of drawn material of with the [110] direction lying parallel to the wire 
5 these compositions. The annealed material showed axis. Similar preferred orientation existed in the 
fine spheroidites of carbide, sometimes joined together galvanized wire but rather more strongly than in the 
. in strings which tended to run parallel to the wire as-drawn material. The annealing treatment pro- 
5 axis. X-ray diffraction studies revealed well-defined duced wire with only slight evidence of preferred 
orientation effects in the as-drawn wires, consistent orientation but caused considerable grain growth. 
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Table III 
SINGLE-BLOW NOTCH IMPACT TEST RESULTS 
| Energy Absorbed (ft Ib) 
Designation of Specimen | Temperature of Test | 
| +20°C —60°.C —185° C 
0-5C as-drawn 0-077 0-074 0-078 
0-076 0-077 0.078 70-076 0.081 ¢0:079 
0-078 
0-5C electro-galvanized 0-110 0.140 0-080 
0-130 +0-115 0-153 +0-139 0-065 +0-079 
0-105 0-125 0.092 | 
0-5C annealed 0.185 0-167 0-125* 
0.167 ¢0°176 0.150 p0-158 
0-75C as-drawn 0-167 0-084 0-087 
0.153 70-160 0.127 pO" 106 0.063 >0-075 
0-75C electro-galvanized 0.154 0-105 
0-127 }0-.134 0-119 +0-103 0-055 
0-120 } 0-086 
0-75C annealed 0-113 0-100 0-057 
0-109 +0-114 0-105 }0-108 0-053 +0-052 
0-120 0-120 0-046 








*Free swing of pendulum interrupted by icing of pointer. 


TENSILE PROPERTIES 
Apparatus 

The tensile tests were made on a screw-operated 
machine of 400 lb capacity which used a spring dyna- 
mometer. The extension of the specimen was deter- 
mined by measuring the movement of the upper 
specimen grip which was mounted on a loading 
carriage so arranged that a dial gauge could be placed 
on the axis of loading. The 2-in. long specimen was 
gripped at each end by a finely serrated cone chuck 
tightened on to the wire before the test began. This 
method of gripping was found to be the most satis- 
factory of several tried, as there was no visible slip and 
fracture away from the grips. 

It was desirable to avoid the use of a liquid cooling 
medium because of the reduction of tensile strength 
of wire specimens caused by surface tension effects, 
as demonstrated by Benedicks and Rubens.* The 
specimen was therefore surrounded by an insulated 
jacket (Fig. 1) through which cold gas was circu- 
lated, this cold gas being obtained by bubbling dry 
air through liquid oxygen. The temperature was 
measured by six thermocouples (connected in series 
for greater sensitivity) and it was controlled to within 
+ 1°C along the length of the specimen by means of 
a potentiometric controller which governed the 
ON/OFF period of an openly wound electric heater grid. 


Results 

The results obtained for the six different wire types 
are shown in Table II, those for the electro-galvanized 
materials being calculated throughout on the basis of 
the steel core diameter. The tests on specimens of 
2 in. gauge length were not considered to be suffi- 
ciently accurate for determination of Young’s 


JOURNAL OF THE IRON AND STEEL INSTITUTE 


modulus or 0:01% proof stress. These properties were 
obtained at room temperature on specimens of 20 cm 
gauge length, elongation measurements being made 
by means of a microscopic comparator, focused on 
to hair-lines which were cemented directly to the 
specimen. The effect of temperature on the modulus of 
steel wire has been previously determined by vibra- 
tion methods by Keulegan and Houseman,’ who 
found that at — 60°C, carbon steels had modulus 
values about 2°% higher than their room-temperature 
values: similar temperature dependencies were re- 
ported by K6ster.® 

The 0-:01% proof stress values were all low in 
comparison with the U.T.S. values although this was 
less marked for the annealed wires. The stress 
strain curves of the as-drawn and electro-galvanized 
materials showed almost linear portions of slightly 
decreased slope at stresses immediately above the 
elastic limits (Fig. 2a-f). This is possibly because 
the residual stress gradient across the wire caused the 
outer fibres to yield first whilst the remaining core was 
still elastic. This yielded area would then gradually 
spread towards the centre of the wire, causing a 
decrease in the slope of the stress/strain curve which 
would remain approximately linear until marked 
plastic flow occurred when the elastic limit had been 
exceeded at each point of the cross-section. In the 
case of the electro-galvanized specimens the deviation 
from the elastic line was less marked at low tempera- 
tures, resulting in a higher temperature dependency 
for the 0-1% proof stress values. As the coefficient 
of expansion of zinc is much larger than that of steel, 
cooling of the composite wire produced surface 
stresses which would tend to neutralize the residual 
stresses resulting from the drawing process. 
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The 0-1% and 0-5% proof stress values were 
increased by decrease of test temperature for all the 
materials, and the U.T.S. values showed increases 
of 7-9% when cooled from — 20° to — 60° C. 

The ductility of the wires has been indicated in 
Table II by the reduction in area at fracture which 
was obtained (after the specimens had regained room 
temperature) by means of a measuring microscope. 
The results showed a decrease in ductility with de- 
crease of temperature for all the materials, although 
the values obtained at —60°C were still relatively 
high. The variation in ductility of each wire type 
when cooled from + 20° to — 60° C was less than the 
differences between the wire types at room tempera- 
ture. 

NOTCH IMPACT PROPERTIES 
Apparatus 

The testing machine was of the Izod single-pen- 
dulum type and had a capacity of 1 ft lb. The speci- 
men was gripped in a vice on the bed of the machine, 
the centre of the notch being level with the top surface 
of the vice. The machine was then placed in a bath 
of coolant so that the specimen and vice were com- 
pletely submerged whilst the pendulum and _ its 
bearings were not immersed. To prevent freezing of 
the pendulum bearings, a warm air blast was directed 
on to them, and they were lubricated by occasional 
spraying with alcohol. When temperature conditions 
were stable the machine was lifted quickly out of the 
bath and placed on a flat surface, and the pendulum 
was released. For the temperature of — 60°C the 
coolant used was a mixture of solid carbon dioxide 
and alcohol, and for — 185° C, liquid air was used. 

The specimens were prepared from wire which had 
previously been straightened by pressing in tension 
under standardized conditions at stresses slightly 
above the yield point. The specimens were 3 in. 


long and of the full wire diameter; a 45° V-notch 
was ground in at mid-length. The notch depth was 
0-011 in., the radius of the root fillet being 0-01 in. 
Apart from the root radius the specimen was geo- 
metrically similar to, the full-size round Izod speci- 
men, the area under the notch being approximately 
0-01 of the standard specimen. 


Results 

The energy absorbed in breaking each test-piece is 
shown in Table III, the number of results being rather 
limited because of the difficulties of specimen manu- 
facture. 

The values obtained at — 185°C were relatively 
low and represent the energy required to produce a 
brittle fracture. For all the materials, the fracture at 
this temperature was complete or almost complete 
and followed a much straighter path across the speci- 
men than at the higher test temperatures, although 
the fracture path tended to run along the wire axis, 
especially in the as-drawn and electro-galvanized 
wires. 

Comparison of the energy values and_ fracture 
appearance of the annealed specimens at the three 
test temperatures shows that these materials were 
still relatively ductile at — 60° C although the energy 
values at this temperature were slightly less than at 
room temperature. The material of higher C content 
absorbed less energy at each temperature than did 
the lower C wires, as is the case for un-drawn steels.® 

In the case of the as-drawn wire, the 0:5% C 
material showed an almost constant low value at all 
the test temperatures: the tensile reduction in area 
values (Table II) for this material were also relatively 
low, this being partly due to the higher S and P 
contents of this material. The electro-galvanized 
wire of 0-5% C content showed considerably higher 
energy absorption at + 20° and — 60° C, although the 





Fig. 3—Haigh-Robertson fatigue machine showing low-temperature specimen chamber 
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NUMBER OF CYCLES TO FRACTURE 


(a) 0-5C as-drawn wire 
(b) 0-5C electro-galvanized wire 


(ce) 0-5C annealed wire 
(d) 0-75C as-drawn wire 


(e) 0-75C electro-galvanized wire 
(f) 0-75C annealed wire 


Fig. 4—Effect of temperature on fatigue S/N curves 


values at — 185° C were of the same order as those 
for the as-drawn wire. In neither case was there any 
marked loss of toughness on cooling from + 20° to 
— 60°C. 

The average values for the tests on the 0-75% 
© as-drawn and electro-galvanized wires at — 60° C 
were not markedly low. In each group of tests at this 
temperature there occurred one relatively low value 
of about 0-08 ft Ib. This indicates that the transition 
temperature of ductile to brittle fracture under 
these stress conditions was about — 60° C. 

In general, these tests showed that there was no 
great change in toughness in the temperature range 


+ 20° to — 60°C. A few tests using specimens with: 


a sharper notch root (0-002 in. radius) showed similar 
results. The transition temperatures of the wire 
specimens must therefore be somewhat lower than 
those of standard-size specimens of un-drawn material 
of similar compositions® because of the very fine grain 
size and carbide distribution produced by drawing, 
together with a specimen size effect. The notch in the 


JOURNAL OF THE IRON AND STEEL INSTITUTE 


galvanized wires cut right through the zinc coating 
which could not affect to any extent the energy absorp- 
tion. In the un-notched state it might be expected 
that the galvanized material would be more liable to 
low-temperature embrittlement than the as-drawn 
material, but this embrittlement is not likely to 
occur at temperatures above — 60° C, as the transition 
temperature of unnotched wire is even lower than 
that for the notched specimens. 


FATIGUE PROPERTIES IN THE LOWER STRAIN 
RANGE 


Apparatus 


Fatigue tests at stresses not greatly exceeding the 
endurance limit were carried out on an adapted Haigh- 
Robertson machine in which the wire specimen is 
rotated about its neutral axis whilst it is flexed into an 
are by end-thrusts. Since with this type of loading the 
applied bending stresses are very small at the ends 
of the specimen, it was considered sufficient to enclose 
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Table IV 
FATIGUE TEST RESULTS (HAIGH-ROBERTSON MACHINE) 

| ena Stress f | gs f 

Designation of Specimen Temp.,° C re Ratio (End. Lt. Faltare at os" 10° | welliane an Bx 10° 
eee U.T.S.) cycles, tons/in* cycles, tons/in* 

0-5C as-drawn +20 26-5 0-312 28-5 40-6 

—30 27-0 0-307 28-5 41.4 

—60 29-5 0-322 30-5 41-6 

0-5C electro-galvanized +20 29-0 0-293 29-0 42-0 
—30 26-8 0-260 27-0 39-5 | 
—60 23-0 0-217 25-5 40-5 | 
0-5C annealed +20 16-8 0-440 20-8 26-2 | 
—30 17-0 0.413 21-1 26-8 | 
— 60 17-3 0-396 21-7 27-3 
| 
0-75C as-drawn +20 33-5 0-276 35-5 50-0 
—30 34-3 0-272 34-8 48-6 
—60 35-3 0-268 35-2 47.2 | 
0-75C electro- galvanized +20 31-3 0-246 33-0 47-5 | 
—30 30-2 0-232 30-5 43-4 
—60 28-0 0-204 28-5 43-6 
0-75C annealed +20 19.5 0-419 23-8 29-8 | 
—30 19.5 0-400 23-3 28-8 
—60 20-5 0-405 22-3 28-8 | 








only the central 6 in. of the specimen in a wooden 
cold box with horizontal slits through which the ends 
of the specimen protruded (see Fig. 3). This procedure 
was justified by the fact that all the specimens broke 
at or near the mid-span position, well inside the 
cold-box. The method of obtaining and controlling 
the required temperature by means of cold gas circu- 
lation was similar to that used for the tensile tests and 
resulted in a temperature variation of less than 
+ 1° C over the period of a test. 

Tests were made at three temperatures: room tem- 
perature (19° + 2°C), — 30°, and — 60°C. The 
unbroken tests at room temperature were continued 
to over 10 million cycles but in some cases in the low- 
temperature tests it was necessary to stop after just 
over five million cycles because of limited liquid air 
capacity. In no case, however, did fracture of the 
specimen occur after running continuously for more 
than three million cycles. 

The specimens were prepared by straightening the 
coiled wire in a tensile machine at a controlled stress 
sufficiently high to cause some permanent elongation; 
for it has been shown by Wampler and Alleman’ that 
this straightening process had little effect on the 
fatigue strength. These straightened wires were 
then slightly ground down at one end to take a ball- 
seating and the wire was then cut to give an active 
length of 8-8 in. 

The tests were normallyrunat speeds between 14,000 
and 18,000 rev/min, the most suitable speed for each 
specimen being chosen to avoid resonant vibration: 
speed variation within this range is not likely to 
affect the results.§ It was impossible to check directly 
the temperature of the wire itself whilst the test was 
in progress, but considering the large area/volume 
ratio of the specimen, and the high rate of circulation 
of cooling gas, it was thought improbable that its 
temperature differed significantly from that of the 
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thermocouples which were placed as near as possible to 
the specimen. 


Results 

In each test the angular deflection at the end of the 
specimen and the number of revolutions to fracture 
were recorded. Using the tensile stress/strain data 
reported above, the maximum stress values were 
calculated from the angular deflection measurements, 
and the resulting S/N curves are shown in Fig. 4a-f, 
the stress values shown being half the applied range 
with a zero mean stress. The more important features 
of these curves are summarized in Table LV. 

Considering first the ratio of the endurance limit to 
the U.T.S., the highest values were obtained for the 
annealed wires. Although the ratios for the as-drawn 
material remained almost constant with decrease of 
temperature, those for the annealed and electro- 
galvanized wires showed a tendency to decrease, the 
electro-galvanized materials also showing at room 
temperature a lower ratio than the corresponding as- 
drawn specimens. 

In the case of the as-drawn wires the endurance 
limit based on a minimum unbroken life of 5 « 10° 
cycles showed a definite increase as the test tempera- 
ture was decreased, the increase between -+- 20 
and — 60° C being about 11% for the 0-5% C steel 
and 6% for the 0-75% C steel. These results are in 
agreement with those obtained on larger unnotched 
steel specimens. ® 

The endurance limits for the annealed wires were 
considerably lower at room temperature than those 
for the corresponding as-drawn wires and showed a 
much smaller increase with decreasing temperature 
together with a greater experimental scatter than was 
found for the other wire types. The surface of the 
annealed wire was considerably rougher than that 
of the as-drawn material, being pitted and to some 
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extent notched. The present results are thus com- 
parable with those of Pomp, Hempel, and Luce®: 1 
who showed that the endurance limits of notched heat- 
treated steel specimens remained almost constant 
with decrease of temperature. 

The behaviour of the electro-galvanized wires was 
rather different. The galvanized material of 0-5 C 
content had a slightly higher endurance limit than 
the as-drawn 0-5°% C steel at room temperature but 
showed a decrease of 6 tons/in? on cooling from + 20 
to — 60° C. The endurance limit at room temperature 
of the 00-75% C electro-galvanized wire was some- 
what lower than that of the corresponding as-drawn 
material and decreased by 3-3 tons/in? when cooled 
to — 60° C. In both cases the endurance limits for the 
electro-galvanized wires at — 60°C were only 78% 
of the values for the corresponding as-drawn wires 
at that temperature. The tendency for reduced 





Fig. 6—Reverse-bend testing machine showing interior 
of cold box 
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(a) Tested at room temp 


(b) Tested at — 30°C, 


Fig. 5—Photo-micro- 
graphs of fracture 
zones of electro- 
galvanized 0.5% C 
specimens after 
fatigue failure at 
max. Stress 40 tons 
in? « 250 
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NUMBER OF CYCLES TO FRACTURE 


(a) 0-5C as-drawn wire 
(b) 0°5C electro-galvanized wire 


(c) 0-5C annealed wire 
(d) 0-75C as-drawn wire 


(e) 0-75C electro-galvanized wire 
(f) 0-75C annealed wire 


Fig. 7—Effect of temperature on reverse-bend test results 


fatigue life at low temperatures with the electro- 
galvanized materials was also found at stresses above 
the endurance limit (see Table 1V) although the values 
obtained at these higher stresses tended to be the 
same at — 60° C and — 30°C. 

There are two factors involved in this decrease 
in endurance with cooling of the electro-galvanized 
material. Decrease of temperature from + 20° to 
— 60° C is sufficient to produce tensile stresses of the 
order of the vield stress in the zine coating because the 
coefficient of contraction of the zinc is greater than 
that of the steel core. Moreever, the zinc coating is 
likely to become considerably embrittled in this 
temperature range. Greenwood and Quarrell,!! 
in tension tests on pure polycrystalline zinc, found 
that the true strain to fracture decreased from about 
20% at + 20°C to 5% at — 77°C; Teed}? quotes 
examples of a ductile—-brittle transition occurring 
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within the temperature range 0-20° C for zinc-base 
alloys of several compositions in various types of tests. 
Thus it appears probable that the zine coating was 
prone to crack formation at the lower test-tempera- 
tures, and such cracks would tend to spread from the 
coating into the steel core. Typical photomicrographs 
of the fracture zone of broken fatigue specimens otf 
the 0-5% C electro-galvanized material are shown in 
Fig. 5a and b; whilst no cracks are visible in the zine 
coating near the fracture of the specimen broken at 
+ 20° C, several are visible in the — 30° C specimen, 
some of which have spread from the zine into the 
steel core. Watt1® found similar cracks formed in the 
zinc layer of hot-galvanized wires during fatigue 
tests at room temperature which were accompanied 
by a decrease in endurance limit of about 20°; as in 
the present tests, he found no cracks in electro- 
galvanized coatings fatigued at room temperature. 


JOURNAL OF THE IRON AND STEEL INSTITUTE 








346 NICHOLS: CARBON STEEL WIRE AT LOW TEMPERATURES 


The results thus indicate that whilst the as-drawn 
electro-galvanized wires have similar fatigue strengths 
at room temperature, the as-drawn materials are 
somewhat the better at lower temperatures when 
tested in dry air. In test conditions which involve 
corrosion fatigue, however, the electro-galvanized 
wires would probably show better properties, although 
their efficiency in this respect may be reduced at low 
temperatures because of the tendency for crack 
formation in the zinc coating. 


FATIGUE PROPERTIES AT HIGH STRAIN LEVELS 
IN REVERSE BENDING 
Apparatus 

In many applications wires are submitted to bend 
ing strains which are considerably greater than the 
strain associated with the endurance limit. To 
provide information on the effect of low temperatures 
on the endurance of wires under such conditions the 
apparatus shown in Fig. 6 was made. 

The machine consisted of an electric motor mounted 
on the lid of a cold box through which it reciprocated a 
vertical steel rod by means of a crank of adjustable 
throw. The lower end of the reciprocating rod formed 
a guide for a crosshead which was free to slide and 
rotate about its horizontal axis, and this crosshead 
carried one end of the wire specimen. The other end 
of the wire was held parallel to a pair of radius. blocks 
by means of a guide and the wire was thus bent around 
each of the radius blocks in turn with practically no 
additional tensile or twisting forces. The speed of 
operation was 60 ¢/min. A light spring was used 
to eject the specimen on fracture, breaking a relay 
and stopping the motor. Several pairs of radius blocks 
were provided, the radii being carefully machined 
and checked at x 50 on a shadowgraph. 

Air cooling similar to that used for the tensile 
apparatus was provided, early experiments having 
shown that immersion in liquid coolant could cause 


considerable reduction in specimen life at room tem- 
perature. 


Results 

The tests were carried out at + 20°, — 30°, and 
— 60° C, and in all cases continued until the specimen 
broke, the fracture usually occurring at 4-3 in. along 
the radiused portion of the formers. 

If it is assumed that during bending, plane sections 
of the wire remain plane, then the strain « produced 
at the surface of a wire of radius y when bent round 
a former of radius R is given by 

e= y/(R + 9). 
The number of cycles to fracture are plotted against 
the applied strain thus calculated on a semi-logarith- 
mic scale in Fig. 7a-f, the main features of the results 
being summarized in Table V. 

At low strains the results were of the same order of 
magnitude as those obtained on the Haigh—Robertson 
machine and showed a similar rate of decrease of 
specimen life with increase of applied strain. For a 
given strain however, the specimens on the Haigh-— 
Robertson ran for a slightly greater number of cycles 
before failure, probably because in this test a smaller 
volume of material was subjected to the maximum 
strain than in the reverse bend test.14 All the S/.V 
curves determined on the reverse bend machine 
showed a marked change of slope at about 0-5% 
strain where marked plastic flow began to occur. 

At higher strains the reduction of test temperature 
from + 20° to — 30°C considerably reduced the 
specimen life at a given strain level, this effect being 
most marked for the electro-galvanized wires. Further 
reduction of temperature to — 60° C did not produce 
any marked change in the endurance of annealed and 
0-5% C as-drawn wires, but there was a further small 
reduction in the values for the electro-galvanized wires. 

The effect of temperature on endurance when the 
number of cycles to failure are compared on a con- 


Table V—REVERSE BEND TEST PROPERTIES 
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Strain to Cause Strain to Cause 
Wire Designation Temp.,° C Failure at Equivalent Stress, Failure at Equivalent Stress, 

| 5 x 10° cycles, % tons/in? 10° cycles, °% tons/in* 
0-5C as-drawn +20 0.47 51-5 1-30 83-6 
—30 0.49 52-3 1-06 82-0 
—60 0.48 52-5 1-00 83-6 
0-5C electro-galvanized +20 0-60 64-0 2.24 c. 102-0 
—30 0-58 62-5 1-13 96-5 
—60 0-55 61-0 0.95 94.0 
0-5C annealed +20 0.49 28-9 0-95 30-2 
—30 0.48 30-5 0-82 32-1 
—60 0.49 32-8 1-03 35-3 
0-75C as-drawn +20 0.52 64-0 2-38 c. 122-0 
—30 0.51 63-5 1-10 113-8 
—60 0-51 63-5 1.24 122-0 

0-75C electro- galvanized +20 | 0-61 72-5 2-54 c. 130 
—30 | 0.57 69-8 1-20 118-8 
—60 | 0.55 66-5 1-05 113-6 
0-75C annealed +20 | 0.41 39-8 0.95 41.2 
—30 0.48 41.5 0-95 43-8 
—60 0.38 39-5 0-80 46-0 
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stant stress basis appears rather different from the 
effect revealed by comparison of endurance at con- 
stant strain, because of the increase with decreasing 
temperature of the rate of strain-hardening and of the 
proof stress values. It was not possible to measure 
directly the maximum stresses obtained in the reverse 
bend tests and because of Bauschinger and strain- 
hardening effects it was probable that the applied 
stress varied during the progress of each test. As a 
first approximation, however, the stress existing on the 
surface of the bend specimen can be assumed to be of 
the same order as the stress which would be required 
to produce a similar strain in a tensile specimen at the 
same temperature. This will be reasonably accurate 
up to strain values at which marked yield occurs when 
some error will also be introduced by the high strain 
gradient which exists across the specimen.!® 

The values shown in the * Equivalent Stress ’ 
columns of Table V were obtained in this way, and it 
will be seen that they show similar trends with varia- 
tion of temperature to those shown by the results 
obtained on the Haigh—Robertson machine. The 
equivalent stress to cause failure after a given number 
of cycles increased or remained constant with decrease 
of test temperature for the annealed and as-drawn 
wire, whereas the values for the electro-galvanized 
materials decreased with decrease of temperature. 
In the room-temperature reverse-bend tests, however, 
the electro-galvanized wires withstood greater re- 
peated strains and equivalent stresses than did the 
as-drawn wires at the same number of cycles to 
failure, especially at high strains. The reduced values 
for the electro-galvanized materials at — 60° C were 
thus still of the same order as those obtained for the 
as-drawn wires at this temperature. 


SUMMARY AND CONCLUSIONS 

The effects of low-temperatures on the mechanical 
properties of steel wire were obtained by various 
tests at + 20°, — 30°, and — 60°C. The properties 
investigated were those considered relevant to the 
behaviour of these materials in engineering applica- 
tions of wire-rope. 

Materials of two C contents (0°5°% and 0-75%) were 
used, each composition being tested in the as-drawn, 
annealed, and electro-galvanized conditions; the tests 
thus indicated the effect of electro-galvanizing on 
mechanical properties. The effect of low ambient 
temperatures on the endurance behaviour of steel 
when subjected to repeated plastic deformation was 
also investigated using much larger applied strains 
than those obtained in conventional fatigue tests. 

In the tensile test, the proof stress and U.T.S. 
values for all the materials increased with decreasing 
test temperature whilst the ductility (reduction in 
area, %) slightly decreased: these effects were rela- 
tively small at — 60° C. Similarly, the results obtained 
from impact-bend tests on notched wire specimens 
did not show any marked embrittlement in the tem- 
perature range + 20° to — 60°C. The fatigue en- 
durance limits and endurance ratios for the as-drawn 
wires were found to increase with decrease of tem- 
perature whereas the endurance limits for the an- 
nealed wires were relatively unaffected by temperature. 

Endurance tests at greater applied strains (up to 
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5%) were carried out by reverse bending around 
formers. At each temperature the rate of decrease of 
endurance with increase of maximum strain became 
markedly greater at strains sufficiently large to cause 
appreciable plastic flow. At constant strains within 
this higher range, decrease of temperature caused a 
decrease of specimen life for all the materials tested. 
When compared by means of the stress values esti- 
mated to cause failure at 5000 cycles, decrease of 
temperature had little effect on the results for the 
annealed and as-drawn wires of both C contents. 

The effect of electro-galvanizing on mechanical 
properties was most marked in the endurance tests. 
In these high-strain reverse bend tests, the electro- 
galvanized materials were superior to the as-drawn 
wires at room temperature but showed a greater 
deterioration on cooling to — 60°C. In the conven- 
tional fatigue tests, the electro-galvanized wires had 
room-temperature endurance limits similar to the 
as-drawn wires but showed a decrease of endurance 
limit on cooling. These effects were associated with 
cracks in the zine coating which were produced by 
differential-contraction stresses together with low- 
temperature embrittlement of the zinc. Some 
evidence of these differential-contraction stresses 
was found in the tensile test results where the electro- 
galvanized wires showed a greater temperature 
dependency in their 0- 1° proof stress values. Other- 
wise electro-galvanizing produced no appreciable 
change in the tensile and notch-bend impact proper- 
ties. 
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The Hardness of Some Carbon and Low-alloy 


Steels at Low 


INDENTATION HARDNESS TESTS provide a 
method of measuring the resistance to deformation of 
a metal which can be carried out rapidly on small, 
readily prepared specimens. Approximate ratios 
between the hardness of a steel and its ultimate tensile 
strength are well established for room-temperature 
conditions,! but little information exists on whether 
these ratios are valid at low temperatures. The 
variation with applied load of the diameter of im- 
pression made by a spherical indentor provides a 
measure of the capacity of a metal for strain-harden- 
ing,? and such results determined in room-temperature 
tests have been used to provide approximate stress 
strain curves.’ The present series of tests was under- 
taken to determine the effect of low temperature on 
these relationships in order to facilitate the estimation 
of the low-temperature tensile properties of a material 
when circumstances do not permit actual tensile 
tests. 


EXPERIMENTAL DETAILS 


Details of the analyses and heat-treatment of these 
steels are given in Table I. The method of carrying 
out the tensile tests was described in detail in a 
previous paper which also included the test results on 
some of the steels, here reproduced for completeness. 

The hardness tests were done on a Vickers testing 
machine which had an extension piece fitted between 
the indentor and its normal mounting (Fig. 1). The 
specimens, usually rectangular blocks about } in. 
square and | in. long, were immersed in coolant at the 
required temperature (alcohol cooled by solid CO, 
for temperatures down to — 70° C, or liquid nitrogen). 
Because of the difficulty of visually locating the in- 
dentor in relation to the specimen surface when the 
specimen was completely submerged, a _ contact 
indicator was fitted. The vertical plunger on the 
Vickers machine which carried the indentor on its 
lower end was arranged so that the indentor contacted 
the specimen before the upper end of the plunger 
contacted the Vickers load lever. The slight upward 
movement of the plunger operated electrical contacts, 
and switched on an indicator light when the indentor 
made contact with the specimen, but before any load 
was applied other than the small weight of the plunger 
itself. 

Several impressions were made on each specimen 
with different values of applied load at each tempera- 
ture, and each impression was measured after the 
specimen had regained room temperature. The error 
in impression size produced by room-temperature 
measurement of specimens tested at — 196° C was of 
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Temperatures 


By R. W. Nichols, B.Met., A.I.M. 


SYNOPSIS 

In order to determine the effects of low temperature on various 
proposed relationships between hardness and tensile properties. 
tests were made at + 18°, — 70°, and — 196°C. The D.P.H. number 
was approximately proportional to the tensile stress at 8°, strain 
throughout these tests, whereas the U.T.S./D.P.N. ratios for several 
of the steels were smaller at — 196° C than at the higher test tem- 
peratures. This was partly due to reduced initial rates of strain- 
hardening in these steels at — 196° C, which were also revealed in 
lower Meyer indices obtained from ball hardness tests at this 
temperature. At all temperatures, stress/strain curves calculated 
from the ball hardness results showed good agreement over the 
range 4-8°,, strain with comparable curves obtained directly in 


tension tests. 1198 


the order of 0-2°, which was considered negligible. 


Tests with a Pyramid Indentor 


Several tests were made at each temperature with 
different values of applied load, and there was no 
variation of hardness number with applied load. The 
averaged results of these tests have been plotted in 
Fig. 2a-h to show the. variation of hardness with 
temperature for each steel, together with tensile 
strength and -ductility values for the same steels to 
permit comparison of the effects of temperature on the 
hardness and tensile properties. Tests at room tem- 
perature after cooling to — 196°C confirmed that 
there was no permanent effect of temperature on 
hardness in these steels. The hardness increased 
continuously as the temperature decreased; the 
increase was most marked in those steels which were 
softer at room temperature. The percentage rate of 
increase in hardness with decreasing temperature for a 
given steel was considerably less than the percentage 
rate of increase in 0-01°, proof stress for that material; 
it was very similar or slightly greater than the per- 
centage rate of increase in U.T.S. for that steel. This 
is reflected in the values of the ratios shown in Table 
II, where the U.T.S./hardness ratio for a given steel is 
considerably more constant with temperature than 
the (0-01°% proof stress) /(hardness) ratio. 

Tabor® has suggested that the Vickers pyramid 
hardness test measures the pressure required to 
produce an average strain under the indentor of 
approximately 8%. He concluded that the pressure 
required to produce yield under the indentor is 3-3 
times the yield stress in tension if there is no friction 
at the indentor. Conversion of the stress values to 
British units and the hardness pressures to conven- 
tional hardness numbers based on the indentation 
surface area leads to a ratio of the tensile stress to 
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Table I 
DETAILS OF MATERIALS 





Composition, °, 





annealed 








Steel Designation Heat Treatment - 
| Mn Si Ss | Ni Cr Mo 
0-3°, C, as-rolled | Hot-rolled, 1-in. bar 0-31 0-73 0-15 | 0-035 0-024 0.07 0-06 0-01 
0-3°, C, annealed | F.C. from 860° C 0-31 | 0-73 | 0-15 0-035 | 0-024 0-07 0-06 0-01 
| 
0.55% C, O.Q. and T. O.Q. from 880° C; T.650°C | 0-55 | 0-66 | 0-25 0-032 0-039 0-18 0-06 
0-.7°,, C, annealed F.C. from 820° C | 0-69 | 0-87. 0-24 0-029 0-029 0-08 0-07 0-02 
| 
0.4°, C,1-1°% Mn | O.Q. from 860°C, T. 650 | 0-39 | 1-12 0-11 0-035 0-025 Nil Nil 
0.Q. and T. | °C, 1h, W.Q. | 
| { 
2.5% Ni, 1-5% Cr, | O.Q. from 830°C, T. 650 | 0-32 | 0-60 | 0-11 0-016 0-026 2-58 1-65 
O.Q. and T. °C, 1h, W.Q. | | 
2-5°, Ni-Cr-Mo, | O.Q. from 860° C,T.625°C 0-29 0-61 | 0-26 0-016 0-020 2-70 0-70 0.45 
0.Q. and T. | 
0-6% C, 1-2°% Mn, | F.C, from 820° C 0-62 1-21 | 0-23 0-024 0-026 0-01 0-08 <0-01 

































































. Extension piece to Vickers indentor mounting 
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Fig. 1—Diagram of low-temperature hardness-test 
apparatus 
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produce 8% strain to Vickers hardness number equal 
to 0-208. The values of this ratio for the tests where 
the tensile stress at 8% strain was determined are 
shown in Table II. These ratios are relatively con- 
stant, the variation over all the results being from 
0-197 to 0-209 (average 0-204). The value of this 
ratio was somewhat lower than predicted, partly 
because no special precautions were taken to avoid 
friction at the indentor, as no satisfactory means 
were available for lubricating the indentor at very 
low temperatures. 

On this explanation the U.T.S./hardness ratio 
provides a measure of the amount of strain-hardening 
which occurs in the tensile test between 8°% strain, 
and strain at the U.T.S. This ratio increases as the 
rate of strain-hardening increases and the relatively 
constant values quoted for the index for different 
types of steels! reflect the similar rate of strain harden- 
ing of those steels. In the present tests little change in 
the U.T.S./hardness ratio was found at temperatures 
down to — 70° C, and the stress/strain curves for the 
steels showed little variation in strain-hardening 
rate down to this temperature. At 196° C the 
U.T.S./hardness ratios were in general somewhat less 
than at higher temperatures. There are two causes of 
this: (a) the rate of strain-hardening at this tempera- 
ture was found to be considerably lower than in the 
tensile tests done at higher temperatures, (6) many 
of the tensile specimens tested at — 196° C fractured 
before necking occurred, and the maximum stress 
values thus obtained (which have been recorded here 
as U.T.S. results) did not have the same meaning as 
the U.T.S. results obtained at higher temperatures. 
These maximum stress values were somewhat less 
than the stress at which necking would have started 
if the specimens had not broken in a brittle manner. 
In tensile tests at — 196°C fracture occurred at 
stresses of the order of the yield stress and the rate of 
strain hardening generally was small, indicating that 
the stress to produce 8% strain was little greater than 
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that to cause yield. These factors have given the 
maximum-stress/hardness ratio a minimum value of 
about 0-2. However, with other materials showing 
marked strain hardening in the indentation process, 
the U.T.S. calculated from the hardness using an 
U.T.S./hardness ratio of 0-2 may be considerably 
higher than the breaking stress for brittle failure 
actually measured in a tensile test. A calculated 
U.T.S. higher than the measured breaking stress 
would similarly be obtained if tensile fracture occurred 
at an average stress less than the yield stress. This 
may be the case for steels at lower temperatures® or in 
more brittle conditions than those of the present 
series of tests. 
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Tests with a Ball Indentor 


The results of tests at -- 18°, — 70°, and — 196° C, 
using a 2-mm steel-ball indentor on the same appara- 
tus, are shown for each steel in Figs. 3a-h. The 
logarithm of chordal diameter of the impression has 
been plotted against the logarithm of the applied load 
and, over the range of validity normally experienced, 
the results show good agreement with the linear 
relationship predicted by Meyer’s equation 


W = Kd" 


where W = applied load, d = chordal diameter of 
impression, K and n are material constants. 
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Table II 
COMPARISON OF DIAMOND PYRAMID HARDNESS AND TENSILE TEST RESULTS 
| Ratios 
Steel | tenn °C Oke . ‘-_ p coven ‘i chess 
Po» Proof Stress 8% Strain Stress 
| vu le le 
| D.P. Hardness D.P. Hardness D.P. Hardness 
+18 0-157 0-206 0-214 
0.3% C, as-rolled —70 0-157 0.204 0-208 
| —19%6 0-204 0-205 0-212 
| 418 0-130 0.200 0.220 
0.3% C, annealed —70 0.154 0.202 0.220 
—1%6 0-200 as 0-210 
+18 0-130 0-208 0-213 
0.55% C, O.Q. and T. —70 0-125 0-205 0-214 
—196 0-182 — 0-196 
+18 0-120 0-2-6 0-213 
0.7% C, annealed —70 0-131 0-209 0-213 
—196 0-203 _- 0-209 
+18 0-128 0-205 0.212 
0.4% C,1-1% Mn, O.Q. and T. —70 0-143 0-207 0-219 
—196 0-194 — 0-212 
2-5% Ni, 1-5% Cr, O.Q. and T. +18 0-160 0-208 0-212 
—70 0-160 0-206 0-210 
—196 0-172 0-204 0-212 
2-5% Ni-Cr-Mo,O .Q. and T. +18 0-155 0-197 0-199 
—70 0-158 0-198 0-203 
—196 0-168 0-204 0-204 
+18 0-096 0-204 0-216 
0-6% C, 1-2% Mn, annealed | —70 0-108 0.212 
—196 0-188 0-207 











Values of the Meyer index n were obtained from 
these curves (see Table III) and little change was 
found between + 18° and — 70°C. The indexes 
relating to the tests at — 196° C were all rather lower 
than those for the same steels at higher temperatures. 
The changes found were more marked than those 
reported by Shevandin’ and they agree with the 
reduced strain-hardening shown in the tensile stress/ 
strain curves at this temperature. 

This reduction in the rate of strain-hardening in 

















Table III 
MEYER HARDNESS INDEX 
Meyer Index n 
Steel | +18°C | — 70°C | -196°C 
0.3% GC, as rolled 2-16 2-16 2-12 
0-3° C, annealed 2-30 2-28 2-13 
0.55% C, O. Q. and T. 2-11 2-11 2-10 
0.7% C, annealed 2-30 2-30 2-06 
0.4% C, 1-1% Mn, 2-20 | 2-20 2-07 
O. Q. and T. 
24% Ni, 14% Cr, 2-12 2-11 2-10 
. Q. and T. 
24% Ni-Cr-—Mo, 2-19 2-20 2-20 
O. Q. and T. 
0. 6%, C, 1-2% Mn annealed; 2-27 2-30 2-10 
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the 3-8% strain range at — 196°C associated the 
marked increase with decrease of temperature of 
both the yield stress and yield extension in steels 
showing discontinuous yielding.* Cottrell and Bilby® 
have shown that the flow stress associated with the 
dislocation-locking mechanism of yield is much more 
dependent on temperature than the flow stress 
associated with the movement of atmosphere-free 
dislocations. The former mechanism may be con- 
sidered to apply to many of these steels at low strains 
whereas the latter mechanism applies at higher strains 
when most of the dislocation anchors have been 
broken. The result of lowering the temperature is to 
raise slightly the rate of strain-hardening produced by 
atmosphere-free dislocations, as evidenced by the 
stress/strain curves of non-ferrous alloys.4 But in the 
present steels the flow stress at low strains (disloca- 
tion-locking mechanism) is raised more rapidly than 
that at high strains, so that below a certain tempera- 
ture the latter effect masks the former and an apparent 
reduction in the rate of strain-hardening results. This 
explanation is justified by the behaviour of the 
quenched and tempered nickel steels (Figs. 4f and g) 
which did not have stress/strain curves of the marked 
yield-point type, and did not show any marked de- 
crease in the rate of strain-hardening on cooling to 
— 196° C (Table II1). 

Tabor? has shown that the ball-hardness results 
obtained from a series of tests using different applied 
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loads can be used to determine an approximate 
stress/strain curve. The average strain imposed by a 
spherical indentor increases as the applied load and 
the impression chordal diameter d increase, if an 
indentor of the same diameter D is used for all the 
tests. Tabor found the tensile strain « approximately 
corresponding to that in an impression was given by 
e% = 20d/D 
He also derived a relationship on the yield pressure 
P for a frictionless spherical indentor and the yield 
stress Y under uniaxial loading: 
P~3Y kg/mm? 
In the present work no attempt was made in any of 
the tests to reduce the friction at the ball because no 
satisfactory means had been found for lubrication 
at — 196°C. The effect of friction is to increase the 
pressure needed to produce indentation. To allow 
for this the increased ratio P/Y = 3-3 was used, 
giving an equivalent stress o for an applied load of 
L kg of 
o = 0:25 L/d? tons/in? 


The test results have been plotted on this basis in 
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03} O46 “Os “To. ~~+law at low temperatures 


Figs. 4a-h together with the stress/strain curves 
determined in tensile tests. A fair degree of agreement 
was obtained over the strain range of 3-8°%. The 
upper strain limit resulted from the limited load 
capacity of the machine but there appears to be no 
reason why this method should not apply up to 
20% strain (d = D) where the apparatus permits, 
although results from the hardness curve should be 
more in agreement with the true stress/strain curve 
than the engineering stress/strain curve at higher 
strains where these differ significantly. Extension to 
smaller strains was not possible because the method is 
only valid (cf. Meyer’s law) when the test produces 
full plasticity under the indentor. The method may 
therefore be considered of limited use on materials 
which show a yield point when extrapolation of the 
results to lower strains would not be possible. To 
determine the yield point of such materials from 
hardness test results it would be necessary to deter- 
mine the lowest load at which a permanent indentation 
was made. Tests of this nature were made by Davies® 
but his method used specimens with specially pre- 
pared surfaces which were examined by suitable 
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optical apparatus and his results considerably over- 
estimated the yield stress. 
SUMMARY AND CONCLUSIONS 

Diamond pyramid and ball-hardness tests were 
made at + 18°, — 70°, and — 196° C on eight steels 
for which the low-temperature tensile properties had 
been determined. The hardness was found to increase 
with decreasing temperature, the percentage rate of 


decreased strain-hardening and to fracture before 
necking in the tension test. The conditions in which 
this ratio might fall below 0-20 have been discussed. 
The ratio of tensile stress at 8°, strain to Vickers 
hardness number was found to be fairly constant 
and the values obtained agreed with those predicted 
by Tabor. 

The ball-hardness tests showed that Meyer’s law 
was obeyed over the impression size range to which it 
is applicable. The value of the Meyer index of each 


increase being in general less than that of the 0-01% 
proof stress. steel at — 70°C was very similar to its value at 
The U.T.S./Vickers-hardness ratios was found to be -+ 18° C, but in many cases a much lower value was 
almost the same at — 70° as at + 18°C, the values found at — 196°C, indicating a very low rate of 
strain 


ranging from 0-208 to 0-22. At — 196° C the ratios 
had decreased to about 0-2 for some steels owing to 
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strain-hardening over the relevant range. 


Approximate stress/strain curves were obtained from 
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the hardness-test results and these showed fair 
agreement between 4%, and 8% strain with stress/ 
strain curves obtained directly in tension tests. 
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Stress/strain Curves of Some Metals and Alloys 


AT LOW TEMPERATURES 


AND HIGH RATES OF STRAIN 


Introduction 


THE EFFECT of high strain rates on the stress/strain 
relationship of metals at sub-zero temperatures is a 
subject of considerable interest which has received 
little attention in the past. The present experiments 
were designed to investigate the behaviour of some 
of the more common engineering metals and alloys 
under these conditions. 

The rates of straining encountered in various 
branches of engineering vary from about 10-" to 
10¢ in./in./s. The lower part of this range lies within 
the field of creep (which it was decided not to enter), 
whilst at the highest strain rates, difficulties arise 
owing to stress-wave propagation phenomena and 
inertia effects. Accordingly, the two rates chosen 
for this work were approximately 10-3 and 10? 
in./in./s. The lower value is typical of ‘static’ 
tensile tests and rates of this order will be found in 
components of many large structures such as bridges 
and cranes. The higher value is quite frequently 
attained in wire drawing and rolling, and under impact 
conditions; for instance the mean strain rate in the 
notched bar Charpy test is said to be about 107. This 
value is rather higher than the rates normally en- 
countered in mechanical engineering, except perhaps 
in gear teeth, and problems of vibration. 

For the higher-speed tests it was decided to use an 
impact method in which a conventional test piece is 
broken in one blow, the load on the test piece being 
measured by a weighbar. The limitations of this 
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By H. G. Baron, M.Se. 


SYNOPSIS 


Comparative tensile tests have been carried out on a number of 
metals and alloys at temperatures of 20°, —78°, and —196° C, 
using strain rates of 10-8 and 10+? in./in./s. Stress/strain curves are 
presented. ° 

The strain rate and temperature have a marked effect on iron and 
the softer ferritic steels. In dynamic tests below a critical tempera- 
ture, all the ferritic materials exhibit a type of premature failure in 
which the strain is entirely localized to a short neck. It is shown that 
this is a consequence of the adiabatic nature of this test. The varia- 
tion of upper yield stress with temperature and strain rate appears 
to obey an activation energy relationship over part of the range of 
stress. Within this range the activation energy for yielding varies 
with the stress in the manner predicted by Cottrell and Bilby. 
The divergence from theory at low stresses may be due to simulta- 
neous strain-ageing, whilst at high stresses, brittle fracture or twin- 
ning eventually intervene before the upper yield point is reached. 

An aluminium alloy of the Duralumin type showed a yield point 
which varied with strain rate and temperature in a similar manner 
to the steels, but anomalies which are again probably caused by a 
strain-ageing process were found in slow tensile tests at 20° C. With 
annealed tough-pitch copper, the proof stress appears to be little 
affected by strain rate and temperature but the rate of strain 
hardening is strongly affected by both. The strain rate has relatively 
little influence on the behaviour of annealed brass. 1160 


method have frequently been pointed out in recent 
years, and it has fallen into some disfavour. Neverthe- 
less it remains a very useful technique within these 
limits and has the advantage of giving a continuous 
stress/strain curve. The equipment used in the present 
experiments was originally designed for preliminary 
tests only; it is simple and adequate but not ideal. 
The metals used include a soft iron, mild steel, three 
hardened and tempered steels of varying tensile 
strength, austenitic stainless steel, an aluminium 
alloy of the Duralumin type, tough-pitch copper, and 
leaded brass. All the materials were in the form of 
3-in. or $-in. dia. bar. Particulars of composition and 
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heat-treatment are given in Table I, and micro- 
structures are shown in Figs. 1-10. 


STATIC TENSILE TESTS 


The test piece used had a diameter of 0-138 in. 
and gauge length of 0-75 in., with }-in. B.S.F. 
screwed ends. This test piece was also used in the 
dynamic tests. Strain was calculated from the overall 
extension of the test piece, and owing to the relatively 
large radii provided at the shoulders (0-10 in.) the 
effective gauge length was about 0-83 in. A smaller 
test piece was used for some of the stronger alloys, 
with a diameter of 0-113 in. and an effective gauge 
length of 0-63 in. 

A Hounsfield Tensometer was used for the slow- 
speed tests. This was mounted in a vertical position 
and fitted with a motor drive. The test piece and 
grips were surrounded by an insulated copper vessel 
which was sealed to the base of the lower grip. For 
tests at — 196° C this was kept full of liquid nitrogen, 
and for tests at — 78° C it was filled with a mixture of 
pentane and powdered solid carbon dioxide, the latter 
being replenished if necessary during the test. Ward, 
Jepson, and Rait! have shown that this mixture will 
maintain a temperature of — 78-5°C quite closely 
when equilibrium is reached. 

The calibration of the load-measuring instrument 
was checked, using the weighbar made for dynamic 
tensile tests. This in turn was calibrated against a 
single-beam, tensile-testing machine. A slight correc- 
tion was made to the Tensometer readings to bring 
all three into line. 

When a constant crosshead-speed is used in a tensile 
test, the strain rate increases as the slope of the stress, 
strain curve decreases. In fact it may be shown that 
if the stiffness of the machine (e) is constant, the strain 
‘ate is given by 

de V/L 
dt = 1+ (da/de) (AjeL) 


where |" is the crosshead speed, J and A the original 
gauge length and area of the test piece, and do/de the 


slope of the nominal stress/strain curve of the test 
piece. With the l-ton beam, the stiffness of the 
Tensometer is about 13 tons/in., and thus in a typical 
test on a steel specimen the strain rate in the elastic 
range was 2 x 10-5, at the maximum load it was 
40 x 10-5, and at fracture it had reached 90 x 10-5: 
the true strain rate at fracture is even greater since 
all the strain then occurs in a short neck. Fortunately 
this increase in strain rate by a factor of 45 during the 
test is unlikely to be important when comparing 
static and dynamic tests which differ in speed by a 
factor of about 10°. 


DYNAMIC TENSILE TESTS 

For these experiments a small tensile-testing attach- 
ment was fitted to the pendulum of a standard Charpy 
impact machine. In this equipment, one end of the 
test piece is connected to a weighbar and thence to 
the pendulum, whilst the other end is connected to a 
crosshead. The crosshead is located by two tubular 
guides. When the pendulum is released and reaches the 
bottom of its swing, the crosshead strikes two pro- 
jecting ‘ anvils ’ and slides out of the two guides, thus 
breaking the test piece. 

For tests at low temperature, a small insulating 
vessel was screwed to one end of the test piece. A 
connecting piece and collar were screwed to the other 
end of the test piece, and the assembly was then 
immersed in a bath of low-temperature coolant. 
After a suitable interval it was removed, the small 
vessel being kept full of the coolant; the collar was 
slipped into the chuck attached to the crosshead, and 
the other end of the test piece was then screwed 
directly into the weighbar. Some preliminary blank 
tests were carried out in which a thermocouple was 
embedded in the specimen. The time taken in trans- 
ferring the test piece from the bath to the machine 
was relatively unimportant; but it was found that, to 
avoid an increase in temperature, the time interval 
between starting to screw the test piece into the weigh- 
bar and the impact must be less than about 15 s for 








Table I 
COMPOSITION AND HEAT-TREATMENT DETAILS 
Analysis, °, 
Material B.S. —-- Condition 
Spec. F 
Cc Si Mn Ss | Ni Cr Mo Nb 
Armco iron 0:021 <0-01 0-01 0-050 0-012 0-07 0:02 0:06 Annealed 930° C, A.C. 
Mild steel En2A 0-20 0-01 0-52 0-031 0-041 0-03 0:06 0-01 Normalized 900° C, A.C. 
0:34°,, carbon steel Eni2 0-34 0-09 0:82 0-036 0:053 0-07 0:07 0-02 Hardened 900° C, W.Q. 


2-5% Ni-Cr-Mo steel (A) En25 0-32 0:24 0:66 0-024 





0-017 2-55 0:71 0-66 


2.5% Ni-Cr-Mo steel (B) | En25 0-30 0:24 0:62 | 0-014 0-024 2-53 0:65 0-62 


Tempered 650° C, A.C. 


As received (hot-rolled and tem- 
pered) 


Hardened 830° C, 0.Q. 
Tempered 600° C, A.C. 


Stainless steel En58 0:07 0-58 0:59 0-011 | 0-050 8-31 18-56 0:20 0-15 As received (softened and roller- | 
straightened) | 
Cu Mn Mg Si Fe Other elements 
Aluminium alloy HE14 4-57 0:66 0:67 0-49 | 0-58 <0-05 each As received (solution-treated and | 
aged) 
Cu Oo Fe Other elements 
Tough-pitch copper > 99-9 0-047 0:01 <0-005 each Annealed 500° C, A.C. 
Cu Zn | Pb | Sn | 
Leaded brass 57-6 38-6 3-0 0-55 Annealed 550° C, F.C. 
| 
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Fig. 3—-Mild steel 


steel specimens and less than 5 s for the non-ferrous 
metals. 
STRESS MEASUREMENT 

The weighbar is essentially a hollow tube of high- 
tensile steel having a cross-sectional area of 0-03 in?. 
Two resistance strain gauges of Eureka wire were 
attached at positions diametrically opposite each 
other. The strain gauges were connected in series in 
a ‘ ballast resistor’ circuit (Fig. 11) and the output was 


., er ea) oP pate ERS 


Fig. 5—2-5°,, Ni-Cr-Mo steel A 
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< 400 


< 400 


fed to the d.c. amplifier of the oscillograph through a 
resistance-capacity coupling. This signal was used 
in conjunction with the time-base of the oscillograph 
to provide a force/time trace. Some typical force time 
records are shown in Fig. 12a-f. 

A signal generator was used to calibrate the time 
scale on the records. Calibration of the force scale 
was effected in two stages. The change in resistance 
of the strain gauges was plotted against the load on the 
weighbar, and then the deflection of the oscillograph 
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Fig. 9—Tough-pitch copper 


trace, measured on the photographic record, was 
found for given resistance changes. For the first 
stage a single-beam tensile testing machine was used, 
and the relationship between load and change in 
resistance was found to remain constant and to be 
free from hysteresis effects. In the second stage the 
switch shown in Fig. 11 was used to give a sudden 
change in resistance. The resulting deflection of the 
beam (Fig. 12g) depends on the battery voltage and 
this check was therefore carried out before and after 
each tensile test. 

It was also found from some preliminary tests that 
the deflection measured on the film increased linearly, 
with change of resistance, to within the limits of 
accuracy of measurement. The films were measured 
with a fine graticule, and the accuracy was mainly 
limited by the thickness of the trace. 

The stress calibration trace (Fig. 12g) is part of a 
square wave, and thus provides a severe test of the 
frequency response of the amplifier and external 
circuit. The response is very even in this range, 
although there is a slight decrease in amplification 
with increasing time (about 2% in 3 ms). A hysteresis 
effect of similar magnitude may be detected in some 
of the force/time records, the trace falling to slightly 
below its initial value when the load returns to zero. 
The input resistance of the amplifier is about 0-5MQ 


APRIL 1956 








Fig. 8-Aluminium alloy, transverse section 100 





Fig. 10—Leaded brass 


and the resistance-capacity coupling will not therefore 
explain more than half of the observed effect; however 
a correction has been applied to the results on the 
assumption that the hysteresis is entirely due to this 
coupling. 

It seems generally held that difficulties due to 
stress-wave propagation phenomena do not arise 
when short test pieces are used with impact velocities 
of less than about 15 ft/s. The impact velocity in the 
present tests was usually 7 ft/s, the exceptions being 
the tests on stainless steel where a speed of 13 ft/s was 
used because of the large amount of energy required 
to break this material, and a few check tests on mild 
steel at 5 ft/s (Fig. 12f). 
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Fig. 11—Pre-amplifier circuit for stress measurement 
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The velocity of propagation of an elastic stress 
wave along a cylindrical rod is given by c = +/(E/p), 
where E is Young’s modulus and p is the density, and 


A more serious difficulty is caused by vibration of 
the weighbar at its natural longitudinal frequency. 
This vibration is excited when there is a change in 
the slope of the force/time curve which is too rapid 











the magnitude of the stress is given by o = pcU 
where U is the particle velocity. Inthe present tests U for the weighbar to follow. The oscillating force, 
can be taken to be 7 ft/s, and after the impact, a which can be seen in Figs. 12a-f, occurs in the weigh- 
tensile stress wave of amplitude 5-5 tons/in? will bar and not in the test piece. Its only effect is to cause 
therefore travel along the testpiece with a velocity of a small corresponding oscillation in the strain rate. , 
17,000 ft/s. When the wave reaches the pendulum it Brown and Vincent’ pointed out that the vibration , 
will spread out and be greatly attenuated and can occurs about a mean value which is the force exerted { 
then be forgotten. In practice, the initial wave will by the test-piece, and therefore a mean line should , 
not have a sharp front since there is a period of be drawn to obtain the force/time curve. However, ‘ 
deceleration in stopping one end of the test piece. this method is only valid where the curve is contin- ‘ 
In addition, the wave will suffer a succession of partial uous, and therefore cannot be used to find a yield | 
reflections at the various joints and changes in section _ point. I 
in the equipment, and thus the load distribution along In the simplest case where yielding suddenly occurs 
the test piece and weighbar will rapidly become at a constant load, it is easy to estimate the over- é 
uniform. shooting of the yield point. In the elastic range the 
During the initial deceleration, the inertia of the weighbar extends rapidly, and after its initial accelera- v 
test piece causes a difference in stress along the gauge tion, the rate of extension (V) should be constant. | 
length. This stress difference is given to a close When the test piece yields, the weighbar will continue t 
approximation by Ac = pLd/2 where L is the gauge to extend until its kinetic energy is absorbed as strain a 
length and d the deceleration (Hollomon and Zener”). energy. At this point g 
The value of d is not known, but even if the time of n 
deceleration is as short as 10s, the initial stress differ- mV*/2 = AFAL/2 Vy 
sa is only about 1 ton/in’. 2 ee 5 The maximum extension of the weighbar beyond its _ 
Some tests were carried out in which the two steel ei a a KM Riedl te al he nn AM le Pp 
anvils on the Charpy machine were covered with thin cee Pia Se, seamless aay Food aapeed, 
ag asa eg ana RE RIS where AF is the force corresponding to AL and ¢ is the 
: ee perioc’ O' — stiffness of the weighbar. Substituting for AL gives 
deceleration at impact, and also removed the slight eenge snentie . ong © S 
; 6 ike : ime the amount of overshooting 
inflection which can be seen in the elastic regions, for _ 
instance, in Figs. 12e and f. The modification produced AF = V+/me = 
no other effect on the force/time curves and it is ok 
therefore concluded that any errors due to stress The rate of extension of the weighbar (!’) can be - 
waves and test-piece inertia are not appreciable. found from the force/time records and the known = 
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stiffness of the bar. The equivalent mass (m) can 
be taken to be the mass at the end of the bar added 
to one-third of the mass of the ‘ elastic’ part of the 
bar. Morley‘ shows that this is a reasonable approxi- 
mation. 

According to this equation the recorded load will 
overshoot a flat yield point by about 0-03 tons in 
room-temperature tests, rising to 0-04 tons at low 
temperatures when the insulating vessel is screwed 
to the test piece. Evidence from a number of direc- 
tions indicates that these figures are approximately 
correct. These errors in the indicated load are fairly 
small, and when a sharp drop in load takes place at 
an upper yield point, the overshooting will be even 
less, since the strain energy required from the weigh- 
bar in overshooting is then greater. In this more 
general case the overshooting is given by 

AF = AY? + emV?— AY 

where AY is the true drop in load on the test piece. 
This equation has been used as a guide in estimating 
the true upper yield points, but the actual corrections 
applied (usually between 1 and 3 tons/in?) are slightly 
greater than the values given by this equation, to 
make some allowance for the fact that the fall in the 
yield stress cannot be instantaneous. The accuracy 
of all the stress measurements, including upper yield 
points, is probably better than + 5%. 


STRAIN MEASUREMENT 


The equipment was designed for direct measure- 
ment of extension, using a sliding contact potentio- 
meter device, and quite promising results were 
obtained which at least showed that the rate of exten- 
sion did not oscillate violently. However, the fre- 
quency response of the amplifier then available proved 
to be unsatisfactory, and it was therefore necessary 
to compute the force/extension curve from the force; 
time trace by a method similar to that used by Clark 
and Datwyler.® 

At the moment of impact the force acting on the 
test piece (F') sets up a couple on the pendulum and 
this is equal to the moment of inertia of the pendulum 
(I,) multiplied by its angular deceleration. 

Fr = Ip dw/dt 

It follows from the geometry of the system that the 
rate of extension of the test piece (v) is given by 
v = wl cosa = wr, where / is the distance from the 
point of impact to the pivot of the pendulum and a 
is the angle between this line and the vertical. On 
substituting for the angular velocity w, it is found 
that the rate of extension 


t 
v= it)| at 
to 
Thus a velocity/time curve can be obtained by inte- 
grating the force/time curve and multiplying by 
(r?/I,). The extension/time curve can then be obtained 
by integrating the velocity/time curve. 

It was found in practice that the rate of extension 
decreased almost linearly with time, and that if a 
linear relationship was assumed the error introduced 
was negligible. Nomograms were therefore construct- 
ed on this basis and the labour involved in computing 
stress/strain curves was greatly reduced. The total 
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Table II 
REDUCTION IN AREA VALUES 
+ Reduction in Area, °, 

Material co 

2 Static Dynamic | 
Armco iron 20 70 73 
78 70 67 
196 : 31 1-7 
Mild steel 20 66 68 
78 66 65 
196 29 0 
0-34°,, Carbon steel 20 70 69 
78 67 65 
196 49 56 
2-5°, Ni-Cr-Mo 20 67 65 
steel (A 78 63 62 
196 51 56 
2-5°, Ni-Cr-Mo 20 69 67 
Steel (B 78 68 65 
196 58 58 
Stainless steel 20 67 63 
78 57 57 
196 18 50 
Aluminium alloy 20 22 27 
78 19 31 
196 17 26 
Tough- pitch 20 76 75 
copper ~78 75 73 
196 75 71 
Leaded brass 20 47 51 
78 51 52 
-196 45 50 








extensions of the test pieces when calculated in this 
way agreed quite closely with the measured extensions. 

The crosshead was made of Tufnol, which has a 
high damping capacity and is light in weight. Light- 
ness is important in reducing the rebound energy of 
the crosshead after the initial impact. This rebound 
could cause serious oscillations in the strain rate, but 
a few calculations suggested that in the present equip- 
ment the rebound energy would be absorbed whilst 
the load on the test piece was quite small. In fact, the 
slight inflection which can be seen in the elastic part 
of most of the force/time records, for instance in 
Fig. 12f, is almost certainly due to this. 

The stiffness of the equipment was estimated to 
be about 100 tons/in., and the variations in strain 
rate during a test were therefore relatively small. 
The decrease in pendulum speed during straining was 
usually less than 40%, and this change in speed 
opposed the effect of machine stiffness on the strain 
rate. In a typical test on a steel specimen, the strain 
rate in the elastic regions, measured from the oscillo- 
graph trace, was about 30 in. in./s. At the maximum 
load, the strain rate was 79 in./in./s, and the value 
at fracture was about 74 in. /in./s. 


RESULTS AND DISCUSSION 
The static and dynamic stress/strain curves are 
shown in Figs. 13a—j for temperatures of 20°, — 78°, 
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and — 196° C; and the reduction in area values are 
given in Table II. The strain rates given on the graphs 
represent the estimated rates at the ultimate tensile 
strength, and it should be remembered that in the 
elastic part of the curves the strain rate was about 
one-twentieth of this value in the static tests, and 
one-third in the dynamic tests. 

Most of the results have been checked and, apart 
from small differences in the total strain at fracture, 
the reproducibility was quite good. Well-defined 
upper yield points were repeatedly obtained in the 
softer ferritic steels, although it cannot be claimed 
that any special precautions were taken to ensure 
axiality of loading. Some difficulty in getting repro- 
ducible results was experienced in the earlier work; 
this was caused by poor machining and the results 
were discarded. 


Twinning 


A well-defined upper yield point could not be 
obtained in the static tests with Armco iron at 
— 196° C (Fig. 13a), although mild steel showed the 
expected behaviour. Microscopical examination of 
the fractured Armco specimens revealed that a large 
proportion of the grains contained deformation 
twins (Neumann lamelle, Fig. 2). The mild-steel 
specimens broken at — 196°C contained very few 
twins. 

It is well established that Neumann lamelle are 
formed in the first stages of deformation. For instance 
Geil and Carwile® have found in experiments with 
ingot iron at — 196° C that twins are first produced 
when the elastic limit is exceeded, and continue to 
form until the strain reaches a value of about 0-05. 
But further straining does not appreciably increase 
their number. It therefore appears from the present 
results that the upper yield point is reduced when 
twins are formed at a lower stress. (The results of 
Krafft, Sullivan, and Tipper*? tend to confirm this). 
This is to be expected from the Cottrell and Bilby’ 
theory of the upper yield point, since the formation of 
twins must involve the release of dislocations. The 
explanation was confirmed by an experiment in which 
a specimen was subjected to a strain of 0-01 at 
— 196°C and then aged at room temperature. 
Subsequent testing at — 196°C produced a normal 
upper yield point. 

As would be expected, pre-straining at 20°C 
followed by ageing did not produce an upper yield 
point at — 196° C. The latter experiment distinguishes 
this effect of Neumann lamelle from the effect 
found by Paxton,* who showed that pre-stressing 
below the upper yield point, followed by ageing, 
resulted in a higher upper yield point (all the tests 
being carried out at room temperature). The explana- 
tion put forward was that pre-stressing causes plastic 
flow at highly stressed points, and a more uniform 
stress distribution is then obtained when the speci- 
men is retested. 

When the Armco iron specimens were examined, 
a note was made of the proportion of grains showing 
one or more twins. The count was taken at a position 
0-1 in. from the fractured face, but the proportions 
were not much greater at positions closer to the 
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fracture. These proportions correlate quite well 
with the upper yield point, as shown below: 


Upper Yield Point, Proportion of Grains in Test 
tons in? Cross-section containing Conditions 
Twins, % 

12-5 0 20° C, Static 
22 0 - 78° C, Static 

38 <5 20° C, Dynamic 
46 12 - 78° C, Dynamic 
50-5 26 196° C, Static 
(58) 38 - 196° C, Dynamic 


The increase in proportions of twinned grains with 
increasing stress is to be expected if the critical 
resolved shear stress for twinning in each grain is 
a constant. The results suggest that this stress is not 
greatly affected by the temperature or strain rate. 


Brittle Fracture 

It is well known that large notched specimens show 
a greater tendency to break in a brittle manner than 
smaller specimens, and recent work in this Establish- 
ment has indicated that ordinary tensile test pieces 
show a similar size effect. This may be seen from the 
present tests, for all the ferritic materials showed 
unexpected ductility at — 196° C. 

The tests on Armco iron and mild steel at — 196° C 
illustrate that an increase in strain rate can cause 
premature brittle fracture. Sections through the 
fractured surfaces were examined microscopically 
and in both the static and dynamic specimens the 
fractures were almost entirely of the cleavage type, 
only a few grains and a few areas near grain bound- 
aries showing curved fracture paths (Fig. 2 shows a 
field containing both types). Cleavage fracture 
occurs at a critical tensile stress, and the premature 
fracture in the dynamic tests at 196° C (Figs. 13a 
and b) is simply explained by the elevation of the 
yield point that occurs in the dynamic test. 

Upper Yield Points 

The original Cottrell and Bilby theory of the upper 
yield point’? has been modified by Cottrell® to take 
into account the influence of grain boundaries and to 
allow for the microstrain which precedes yielding. 
However he did not find it necessary to alter the 
mathematical theory in any way and this still pro- 
vides a basis for comparison with experiment. 

According to Cottrell and Bilby, yielding is a 
thermally activated process and the upper yield 
point is reached when the quantity 

S = (da/dt) exp (U(g Gy) kT) 

reaches a fixed value which is a characteristic of the 
material. The activation energy required for yield 
U giao) is a function of the applied stress o, and there- 
fore if two combinations of strain rate and tempera- 
ture are found which give the same upper yield point, 
the values of S and U can be calculated. This value 
of S can then be used to find experimental values of U 
at other stresses. 

The upper yield points of the various steels are 
plotted against temperature in Figs. l4a—e. The curves 
have been extrapolated to find the upper yield point 
at absolute zero (o)), assuming that brittle fracture 
or twinning do not intervene. The suggested curves 
for Armco iron are very hypothetical because twinning 
occurred within the experimental range; but the 
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other graphs have been used to calculate the activa- 
tion energy as a function of o/o9. The results are 
shown in Fig. 15, and two theoretical curves are 
also shown. Cottrell and Bilby suggest that curve 4 
is the most reasonable. 

It is clear that great accuracy cannot be claimed 
for the experimental curves. Errors in the value of 
o, due to extrapolation and errors in U due to 
interpolation could shift all the points appreciably, 
but the general form of the curves would remain. 
Some evidence that the extrapolations are reasonable 
is to be found from De Haas and Hadfield’s!® work. 
Using a hardened and tempered steel which was 
roughly equivalent to the 2-5% Ni-Cr—Mo steel B 
(Fig. 14e), they obtained a yield point of 59-3 tons/in® 
at 20°C and 108-5 tons/in? at — 253°C. These 
points fit the static curve in Fig. 14e very closely. 

On the whole the form of these curves agrees well 
with the form of the theoretical relationship. How- 
ever, serious divergence from the theory does occur 
in the upper part of the curves where the activation 
energy increases very rapidly with decreasing stress. 
In fact, the results in this region probably cease to 
obey the same activation energy equation and the 
upper part of the curves should be disregarded. 

In effect, the yield stress at normal temperatures 
and slow rates of straining is too large. Other workers 
have found that the yield stress tends to attain a 
constant value under these conditions, and following 
Gibson! and Campbell!” it is suggested that this is 
due to a rapid strain-ageing process associated with 
the microstrain which is known to precede yield- 
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ing.1%° Tt may be postulated, for instance, that 
when the first dislocations released pile up against 
a grain boundary or other obstacle they are relocked 
in their new positions by the diffusion of carbon or 
nitrogen atoms from the immediate vicinity. 
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It is interesting to treat some of Wood and Clark’s 
results on delayed yielding!*-}> in a similar manner. 
In this work a stress is applied to a test piece and the 
interval before yielding starts is measured. Some 
results recently published by Clark!® are given in 
Fig. 16. Applying the activation energy concept as 
before, thedelay time t before yielding starts is given by 

t= A exp (U(,, 49)/KT) 
(Cottrell and Bilby’), where A is a constant for a 
given material. From Clark’s results the value of 4 
can be calculated for a number of widely different 
stresses, and some variation in its value was found. 
A mean figure was therefore adopted, to give the 
best fit, and assuming that og = 100 tons/in? (as in Fig. 
14b) the relationship shown in Fig. 17 was obtained. 

The points fit a smooth curve surprisingly well and 
show that the activation energy relationship is 
obeyed within this range. The points were chosen 
arbitrarily from the results in Fig. 16; however the 
horizontal lines have been neglected. The line near 
the top of the graph may well be a result of deforma- 
tion twinning and the similar lines near the base of the 
graph are probably due to the suggested strain-ageing 
process. The minimum ageing times to maintain a 
vield stress of 18 tons/in? are 0-5 s at 23° Cand 0-02s 
at 66° C (points of intersection in Fig. 16). These 
figures give an activation energy for the suggested 
strain-age hardening process of 15,000 cal/mole, which 
is quite close to the activation energy for the diffus- 
ion of carbon. It is doubtful whether much weight 
should be attached to this figure, but it does at least 
tend to confirm that carbon diffusion is the controlling 
factor. 

The assumptions made in deriving the activation 
energy curves are firstly that yielding is thermally 
activated, and secondly, that in a given material the 
activation energy required for yield depends only 
on the applied stress. The results, especially Fig. 17, 
justify these premises. It is important to note that 
the experimental curves do not depend on the Cottrell 
and Bilby theoretical curves in any way. 

Brown and Edmonds? found an empirical relation- 
ship between the ratio (dynamic yield stress) /(static 
vield stress) and the static yield. stress, the ratio 
decreasing in an exponential manner to the limiting 
value 1-0 with increasing yield stress. Their tests 
were carried out at room temperature using a strain 
rate of about 1-5 x 10-4/s. Whiffin’’ found a similar 
correlation in ballistic tests giving a strain rate of 
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APRIL, 1956 


























si Cottrell ond Bilby | © | 
Curve 4 Curve 2 | 6 66C 
1s | x 23% 
“J \ | | e-b60C_ 
his 6 | T i | 0-132°C 
as } a-196C 
S \ VJ | 
i. \ VT | 
s \ \| | 
z \ \ 
ov ty, . . 
xO: ‘ \ 
= Ne % \ 
= } “ | 
| . %\ | 
| oe,” 
a | = * 
| ba | *s 
| | SS 
7 02 O-4 Ob O-8 10 
o/oo 


Fig. 17—Activation energy for yielding as a function of 
applied stress (from Clark’s results, Fig. 16) 


1-5 x 104/s. The present results show the same 
trend and, as would be expected, the points fall 
between Brown and Edmonds’s curve and Whiffin’s 
curve. Puttick and Thring!*® have pointed out that 
the relationship can be interpreted as an increase in 
activation energy for yield with increasing strength 
level, and this can be seen in Fig. 15.* The two Ni-Cr- 
Mo steels, however, show slightly anomalous behav- 
jour. The activation/energy curves are of rather 
different shape and intersect each other, whilst the 
strain rate has a greater effect on the yield point in 
the harder steel (8) than in the softer steel (A). These 
differences may arise from differences in heat- 
treatment, since steel (B) was quenched and temp- 
ered, whilst steel (4) was probably tempered after 
hot rolling. 

Adiabatic Effects 

Taylor and Quinney’® measured the heat evolved 
in torsion tests on copper, iron, and annealed mild 
steel. In each case they found that about 90% of the 
work of deformation was turned into heat, the pro- 
portion increasing still further when the strains 
become very large. In the present dynamic tests, 
the strain rate was too high to allow appreciable 
dissipation of this heat, whereas the static tests were 
slow enough to be essentially isothermal. 

One of the results of this difference is the relatively 
rapid fall in stress during necking which can be 
seen in all the dynamic curves. The temperature 
rise may be calculated, assuming that 90% of the 
work done is used to heat the test piece. In Fig. 13d 
for instance, starting at 20°C it is found that the 
temperature at the maximum stress would be about 
40° C. The work done after the maximum stress until 
fracture is almost as great as that before, but since the 
deformation is now confined to a neck whose volume 
is perhaps one-eight of the total gauge-length volume, 
the temperature rise is about eight times as great, 
and the temperature would be about 200°C when 
fracture occurs. 

Zener and Hollomon”® have constructed hypotheti- 
cal true stress/strain curves for adiabatic conditions 
at various low temperatures. They point out that 


*Comparing the different curves with each other. 
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for each element of strain which the material under- 
goes, the stress is raised by strain hardening and 
lowered by the associated rise in temperature; 

8a = (do/de)pde + (do/dT), (AT /de)de 
where o, «, and 7' are respectively the stress, strain, 
and temperature. 

It is well known that necking must occur in a 
tensile test piece when the slope of the engineering 
stress/strain curve falls to zero. Using units of engin- 
eering stress and strain in this equation, necking 
must occur when 

(da/de)7 + (do/dT). (dT/de) = 0 

The value of the isothermal rate of strain hardening 
(do/de)r is not known for the higher strain rates, 
but it is evident that the value decreases with increas- 
ing strain. In ferritic materials the remaining term 
in the equation becomes increasingly negative with 
decreasing temperature. One would therefore expect 
the point at which necking starts (the ‘ ultimate 
tensile stress’) to occur at progressively smaller 
strains as the temperature is decreased. This trend 
can be seen in the present results. A final stage is 
reached when necking starts as soon as plastic flow 
occurs. The deformation is then entirely localized to 
the neck and the shape of the stress/strain curve 
remains negative. Examples of this phenomenon can 
be seen in Figs. 13a, 13c, and 13e. 

However, it has been pointed out to the author 
that, in this case, the conditions for failure are rather 
more complex since necking occurs before yielding is 
completed, i.e. before the Liiders bands have spread 
throughout the gauge length. Yielding takes place 
without strain hardening, and in the first cross- 
sectional element to yield completely the temperature 
rises and hence the stress for subsequent plastic 
flow will be Ac below the lower yield stress of the 
adjacent material. Plastic flow will then continue 
in this region and lead to failure unless subsequent 
strain hardening can raise the stress by Ao to enable 
the adjacent material to yield. This condition for 
failure can be expressed mathematically but the result 
is not very useful. 

Copper and brass show the least evidence of adia- 
batic effects, and this is explained by their small 
variation of flow stress with temperature. Their low 
strength also helps since the term d7'/de is proportional 
to the stress. 

Austenitic Stainless Steel 

This material was not completely austenitic but 
contained numbers of particles of ferrite, largely 
segregated into bands. The field shown in Fig. 7 
contains small islands of ferrite, in addition to carbide 
particles. The 18/8 Cr—Ni steel is metastable at, 
and below, room temperature, although the rate of 
transformation even at 1° K is negligible.*4 However, 
plastic strain induces simultaneous transformation to 
ferrite or low-carbon martensite. Kulin and Cohen” 
have shown that the transformation occurs by the 
martensite mechanism. Machlin?* states that another 
type of transformation can occur in face-centred 
cubic structures by a partial slip mechanism which 
yields stacking faults having the hexagonal close- 
packed arrangement, and it is interesting to note that 
Binder?* has found evidence of a hexagonal phase 
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in addition to martensite in 18/8 Cr-Ni steel, which 
had been strained at a low temperature. 

The formation of martensite during tensile deforma- 
tion in austenitic stainless steels has been investigated 
by Angel,?4 who showed that the rate of transforma- 
tion with increasing plastic strain was negligible at 
50° C, quite slow at 22° C, and very rapid at tempera- 
tures below — 30°C. The various steels used by 
Angel did not contain niobium or titanium, and 
Bungardt et al.25 found that the rate of transforma- 
tion is greatly increased if these elements are present. 
This is presumably because they take up carbon and 
nitrogen from the austenite, since Angel has shown 
that carbon and nitrogen have a very strong stabiliz- 
ing effect on austenite. The steel used in the present 
experiments contained 0-15% niobium, which is 
sufficient to remove only about 0-02°% carbon from 
the matrix. 

The present test pieces were explored with a 
magnet to assess the degree of transformation very 
roughly, and it was found that the static test at 20° C 
resulted in more transformation than the dynamic 
test. This is to be expected from the rise in tempera- 
ture in the dynamic test. In these tests at room 
temperature very little martensite is formed at low 
strains, and Fig. 13fshows that under these conditions 
the flow stress of austenite is strongly affected by 
strain rate. 

The yield phenomenon at — 196° C was found to be 
associated with rapid transformation of austenite. It 
is well known that deformation can occur by this 
phase transformation, and according to Machlin?? 
the shear which accompanies the formation of marten- 
site plates could give, in theory, a total tensile strain 
of 0-12 if the transformation is complete. However, 
Angel’s results suggest that only about 12% of marten- 
site was formed during the initial yield strain of 0-05, 
and therefore slip must also have occurred. 

The formation of each platelet of martensite is 
very rapid and is accompanied by deformation of the 
surrounding austenite.?® It seems probable therefore 
that slip under the action of external stresses will 
take place more readily in a period of rapid trans- 
formation. However, it is clear that the flow stress 
must eventually rise as the proportion of martensite 
increases. The form of the stress/strain curve could 
be explained qualitatively in this way. 

Non-Ferrous Metals 

The aluminium alloy showed a number of interest- 
ing features, particularly in its behaviour in static 
tests at room temperature. Under these conditions 
the tensile strength was equal to that obtained in 
both the dynamic test at 20° C and the static test at 
— 78°C. In addition, the static stress/strain curve at 
20° C is the only one not showing a yield point. A 
further test at 90° C also failed to give a yield point 
but the proof stress and tensile strength were con- 
siderably less than at 20°C. The curve at 90° C was 
the only one to show any suggestion of the steps or ser- 
rations which often occur in testing aluminium alloys. 

The unexpected strength and the absence of a 
yield point in the static test at 20°C could be ex- 
plained by a hardening mechanism which depends on 
strain, time, and temperature (strain-age hardening), 
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and which is most effective under these test conditions. 

Yield phenomena in aluminium—magnesium alloys 
have been investigated by Phillips, Swain, and 
Eborall,?? who considered both the initial yield point 
and the subsequent steps or serrations in the stress/ 
strain curves. They found that the initial yield point 
did not occur in the solution-treated condition, but 
gradually reappeared on ageing; and, from their data 
on the rate of return of the yield point, they showed 
that the process is probably governed by the rate of 
diffusion of the solute magnesium atoms. It is 
evident that magnesium plays an analogous role to 
carbon and nitrogen in iron, although the details of 
this role are uncertain. Phillips’ has also investigated 
the yield phenomena in other aluminium alloys, 
including one of the Duralumintype. There was little 
evidence of an initial yield point in any of these alloys. 

It will be seen that the initial flow stress and the 
subsequent rate of strain-hardening of the brass do 
not vary greatly with strain rate and temperature. 
To confirm this very small dependence on strain rate, 
some additional tests were carried out at room tem- 
perature, using a similar brass which had been an- 
nealed at 500° C. This material gave very reproducible 
results, and the difference between the static and 
dynamic stress/strain curves was even less than in 
Fig. 13). The curves were almost parallel up to the 
ultimate tensile strength, and the difference in stress 
amounted to perhaps 2 tons/in? at the initial yield 
stress, but was less than 1 ton/in? at other points on 
the graph. Both brasses contained 3% lead, which 
was present in the form of slightly elongated globules 
(these appear as black dots in Fig. 10). In both cases 
a number of specimens broke prematurely without 
necking at a stress near the ultimate tensile strength. 
This premature fracture occurred at various tempera- 


tures and strain rates, but frequently started from a 
machining mark, and it therefore appears that after a 
strain of about 20% this material is very notch-sensitive. 

Kolsky”? found that the elastic limit of annealed 
copper was practically unaltered by a very large 
increase in the strain rate. The present results give 
no indication of the elastic limit, but the static and 
dynamic stress/strain curves for copper do tend to 
converge at small strains, in agreement with Kolsky’s 
results. On the other hand the rate of strain-harden- 
ing is strongly dependent on both strain-rate and 
temperature. The stress to give an elongation of 
0-2 at room temperature is about 25° greater in the 
static test than in the dvnamic test, and the work of 
deformation to this point increased by almost as much, 

However, Alder and Phillips*® obtained an increase 
in stress of only 5°, under comparable conditions, 
using a rapid compression test. The reason for this 
difference is not known with certainty, but it is 
interesting to note that Alder and Phillips used a 
phosphorus-deoxidized copper (99-97%), containing 
less than 0-003°, oxygen, whereas tough-pitch 
copper (99-90%,), containing 0-047° oxygen, was 
used in the present experiments. Another factor is 
the grain size: Carreker and Hibbard*! have shown 
that a decrease in grain size in annealed copper 
(99-999%) produces a greater variation of the flow 
stress with temperature and strain rate. 
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The Effects of Gravity in the 


Solidification of Steel 


Introduction 


THE VALUE of the conclusions reached in this paper 
will be enhanced when it is stated that the detailed specu: 
lative reasoning is all based on a common hypothesis 
as to the mechanism of freezing, that had been developed 
during the earlier investigations and was completed as 
far as it is likely to be, in those described here. 

It was evolved with the help of the evidence of the 
simulation experiments on convection, by taking as 
postulates selections of the known facts, concepts, and 
speculations of metallurgy, and trying them out in turn 
on crystal structures obtained from specimens cast 
under almost every practical set of conditions. In its 
present form it has given at least a reasonable explana- 
tion in more than 50 such tests, and so many “ fits ” 
cannot be fortuitous. In fact they constitute very strong 
evidence that the hypothesis is correct in its main 
principles. The value of such a method of reasoning is 
limited as it proves nothing at all in detail, but already 
it has been useful, not only in interpreting sections but 
also in showing how casting conditions might be modified 
to give a more desirable structural arrangement. 


VERTICAL CASTINGS 

THE CASTINGS discussed under this heading were 
part of a series initiated by Mr. W. J. Dawson 15 
years ago, which was intended to show the influence 
of thermal conditions in the head on secondary 
unsoundness in the casting. They were made to give 
the greatest difficulty in feeding to soundness by 
conventional methods, the length/cross-section ratio 
being increased beyond normally practicable limits. 
The ingot was thus 6 in. dia. and 30 in. long, bottom- 
poured and top-fed. The vertical temperature differ- 
ences necessary for the promotion of convection 
currents were varied by the application of chills or 
exothermic compounds to the feeder heads. 

Seven ingots of similar design were cast at similar 
pouring temperatures from similarly treated melts of 
acid open-hearth steel containing 0-35% C. The 
moulds were of dry sand. The particular variations in 
casting technique for each ingot were: 

(1) ‘ Normal’ casting: bottom-run, top-fed; upper 
surface of head cooling direct to atmosphere 

(2) As (1) but upper surface of head heavily chilled 
by the insertion of five iron bars into the top of the 
feeder head which was also chilled at the sides. This 
casting, and that in (1) were poured from a common 
runner 


(3) Shorter head, 6 in. high, moulded in an exother- 
mic sleeve. The upper surface of the head froze over 
5 min after pouring 
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By B. Gray, B.A. 


SYNOPSIS 


The paper describes in detail the macrostructures obtained in a 
series of vertically-cast, bottom-poured steel ingots with different 
feeding arrangements. The presence of convection currents is 
shown to have a powerful effect on the structures obtained. The 
method of formation of equiaxial crystals and V-segregates is 
described, and the difference between nuclear and dendritic crystals 
is explained. The hypotheses advanced are then applied to the 
problem of heterogeneity in horizontal castings and to other cases for 
which there has hitherto been no generally accepted mechanism. 

1240 


(4) As (8) but with an exothermic powder sprinkled 
on the surface of the head after pouring and again 
after 5 min. The formation of a solid crust was thus 
delayed for 30 min. Castings (3) and (4) were poured 
from a common runner 

(5) As (3) 

(6) Exothermic powder covering used on the head 
but no exothermic moulded sleeves 

(7) As (6) with an additional cover of exothermic 
powder 5 min after pouring. Castings (6) and (7) 
were poured from a common runner. 

These ingots were subsequently planed down to a 
mid-longitudinal section and examined by sulphur 
printing and, in most cases, by deep etching using a 
copper-depositing reagent. The results are shown 
schematically in Fig. 1, using the conventional 
indication for the representation of crystal types and 
of shrinkage and segregation defects. Portions of the 
actual macrostructures obtained are illustrated in 
Figs. 2 and 3. 

RESULTS 


Ingot (1) revealed the coarsest structural features 
in the series, columnar and coarse equiaxial growth 
at the side walls being well developed. The ingot 
also showed very pronounced centre-line shrinkage 
extending for almost three-quarters of its length. 
An interesting feature was the ‘bridge’ of coarse 
equiaxial crystals at the junction of the head and the 
ingot. This is discussed later in the paper. 

Ingot (2) (chilled top) showed an extremely fine 
structure consisting almost entirely of nuclear and 
fine equiaxial crystals with much shorter columnar 
dendrites than (1). Centre-line shrinkage had been 
very much reduced. 
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Ingot (3) showed a similar 
structure to (2) but with well 
developed columnar growth 
from the top of the feeder head. 
The nuclear crystal zone in the 
centre of the ingot showed 
considerable segregation, but 
little centre-line shrinkage. 

Ingot (4),-with the top cover 
and sleeves of exothermic 
material, was the closest struc- 
tural approach to (1). Apart 
from the reappearance of 
extensive columnar growth 
from the side walls, the 
‘bridged’ area of coarse equi- 
axial crystals was also apparent 
at the top of the ingot. Again, 
there was fairly extensive 
centre-line shrinkage. 

Ingot (5) was cast as a 
duplicate of (3) but a part of 
the mould was dislodged during 
pouring and rose to the ingot 
surface. As in ingot (3), centre- 
line shrinkage was much re- 
duced, but the structure of the 
upper part of the ingot was now 
equiaxial instead of nuclear. 

Ingot (6) revealed an ex- 
tremely fine structure but was 
chiefly notable for localized 
shrinkage which took the form 
of a long narrow parallel-sided 
-avity in the centre plane of the 
ingot. A zone of very fine 
equiaxial crystals separated 
upper and lower zones of 
nuclear crystals, and the ingot 
as a whole showed little 
segregation. 

Ingot (7) was cast under 
similar conditions to (6) and 
showed an almost identical 
structure, the chief difference 
being that the centre shrink- 
age cavity was more broken 
by what appear to be large 
dendritic crystals. Again, 
segregation was on a minor 
scale. 

A sulphur print covering 
part of the shrinkage pipe is 
illustrated in Fig. 3. 

These structures are sum- 
marized generally in Table I 
by comparing each ingot with 
a reference ingot (1) under the 
headings of structure, shrink- 
age, and segregation. 








Fig. 2—Portions of macrostruc- 
tures of ingots illustrated in 
Fig. 1 xX 4 
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Fig. 3— Sulphur print covering part of the shrinkage pipe in ingot (7) (The macrostructure of this ingot was 
almost identical with that of (6) except for the cavity.) <1 


DISCUSSION OF RESULTS 


It is not intended in the paper to give detailed 
consideration to these results in the light of all the 
complex solidification theories evolved in the past. 
It is hoped to show, however, that the structures 
described can be explained logically and consistently. 

The main obstacle to complete understanding of the 
mechanism of crystal growth in steel casting lies in 
explaining the process of nucleation and growth of 
those ‘ free ’ crystallites formed within the melt which 
lead to a transition from the columnar to the equi- 
axial and/or nuclear type of crystallization. 

The main basis of the explanation here put forward 
is a development of two ideas originally suggested by 
Northcott and Benedicks. Northcott! proposed that 
a film of superheated and segregated liquid is created 
at the tips of the advancing columnar dendrites which, 


Table I 


SUMMARY OF INGOT STRUCTURES COM- 
PARED WITH INGOT (1) 





| Casting { _ Ingot Results— 
Modification Number(s) Reference Ingot (1) 





| 
| Top surface of | 2 Structure refined. Col- 
| head chilled umnar growth redu- 
ced; shrinkage dis- 
| persed, less ‘ piping ’ 
Head sleeved in 3, 5 Structure refined, col- 
| exothermic umnar growth redu- 
| compound ced; shrinkage dis- 
persed, no ‘ piping’ 
segregation increased 


and ‘topped’ 
with exother- 
mic compound 





Hot top of exo- | 6, 7 Columnar growth re- 
thermic com- | duced, but equiaxial 
pound. No | growth increased ; 
sleeve shrinkage localized to 

central ‘ pipe,’ segre- 
gation low 

Head _ sleeved 4 Equiaxial structure at 


the bottom changing 
to nuclear; some 
shrinkage, moderate 
segregation; strong 
columnar growth in 
upper half. 
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because of its lower liquidus temperature, must break 
the continuity of freezing (see Fig. 4). 

Benedicks? suggested that the transverse tempera- 
ture gradient existing in liquid adjacent to a vertical 
mould wall must create a downward movement in the 
outermost layers of liquid which would carry crystal- 
lites to the bottom. 

Experiments by Reynolds* using stearin wax 
have shown the general pattern of convection currents 
existing within model castings and those by Smith 
and the author, using other analogous fluids, have 
offered confirmation of Benedicks’ assertion. It 
is to be noted that the liquid steel in the down current, 
having lost less iron by freezing and containing solids 
in suspension, will be of greater density than the 
liquid through which it passes. Thermal convection 


Segregated liquid superheated 


eee! 
pa 
———— ne! Formation of equiaxial 
a | ae crystals: Thermal and 


liquidus temperature 
conditions 











Resulting crystallization 





Columnar equiaxial 





Fig. 4—Mechanism of equiaxial crystal formation of 
steel, according to Northcott! 
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(a) B= solid particles in suspension descend into liquid stream 
C = secondary current. Particles from body of liquid rise. 
(6) A = colour tracer in water. After about 1 h, colour trace B 
reaches top, then descends and disperses and tints all the 
liquid. 
Fig. 5—Convection in liquids. Liquid in square glass 
container, section diagonally from corners. 10°C 
above ambient temperatures 








will therefore gain momentum. Diagrams showing 
the forms of convection found in simulation experi- 
ments are shown in Figs. 5a and b. 

Hitherto the differences between equiaxial and 
nuclear crystals, held to depend merely on variations 
in the original concentration of crystal nuclei within 
the liquid, have not received much attention. A 
further hypothesis is proposed here, viz. that the 
embryo nuclear crystal is identical with the equiaxial 
type at the moment when the liquid has reached the 
liquidus temperature and the crystals begin to grow. 

The influence of gravity on the distribution of free 
crystallites is well known, but Stokes’s law requires a 
certain miaimum crystallite size before this can occur. 
This necessary growth needs a further fall in tempera- 
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ture of a specific amount to produce nuclear crystals 
and growth must take place in free liquid, i.e. without 
the crystal coming in contact with a solidification 
‘front.’ They are polygonal in shape because they 
are free to move in the liquid and no one axis is 
favoured more than the others by the temperature 
gradient to produce a full dendrite.* 

If in this period of growth the crystallite does come 
in contact with an interface, it becomes attached to 
it; in the definite temperature gradient existing 
there, it grows into a dendrite with marked though 
random orientation, and as a wall growth because 
most of its axes are smothered by neighbouring crys- 
tals and cannot grow at all. 

The practical operation of the mechanism based on 
the above principles can best be followed in castings 
(1) and (2), since they alone provide evidence as to the 
validity of the general theory that is almost conclusive. 
The chills must have caused the marked difference in 
columnar growth and, judging by the amount of that 
growth, these chills must have markedly affected 
crystallization within 2 min of being covered by the 
steel. Hence it seems safe to assume that the chills 
set up a strong convection current down the wall, 
especially as this current is prominent in all experi- 
ments in other media. 

When the main body of the liquid has reached its 
liquidus the stream will contain nuclei even at the 
top of the casting, and as it must lose temperature in 
its passage down the wall those nuclei must grow. 
When conditions are favourable, as in casting (2), 
they attain full nuclear size before reaching the bot- 
tom and are deposited there (Fig. 6b). 





* See below, p. 373 *‘ Distribution of Micro-segregation ”’ 
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Slight equiaxial formation in down 
current but heat of crystallization 
not enough to stop growth of 
equiaxial crystals 
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—-—-—- Actual temperature 





| Nuclear crystals form in down current. 
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(a) Ingot (1), small superheat still remaining in bulk liquid 
(b) Ingot (2), superheat dissipa 


Fig. 6—Mechanism of freezing proposed to account for 
structures of ingots (1) and (2) 
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In the less favourable convection conditions in 
casting (1) the removal of the superheat in the liquid 
takes longer and more time is given for the columnars 
to grow (Fig. 6a). 

The reduced rate of heat loss in casting (1) also 
brings about an intermediate stage in equiaxial 
formation in the stream during which the conditions 
are not favourable enough for full-size equiaxial 
nuclears to form and sink. For a time, smaller crystals 
are carried down in suspension to the bottom, where 
in more or less static liquid, those at the interface 
soon attach themselves to the wall and grow in 
dendrite form as a wall growth. Later, as the tem- 
perature falls, nuclears grow to full size in the stream 
and are deposited on the dendritic bed already formed. 

The heat of freezing in the formation of equiaxial 
crystals in the stream is dispersed through the segre- 
gated liquid at the interface and so to the columnar 
wall and mould. When the freezing rate is high, as in 
casting (2), the heat evolved is sufficient to suppress 
wall growth almost completely, but in casting (1) the 
heat released is not sufficient to stop growth entirely 
and the equiaxial dendrite wall formation gradually 
encroaches as solidification proceeds until it meets the 
growth from the opposite wall just below the head. 

Applying the same principles to castings (3) and 
(5), it will be seen that the provision of an exothermic- 
ally sleeved head has had a more sustained but similar 
effect to that of chills on the circulation, for it causes a 
movement of liquid upwards from the walls of the 
head towards the surface where it is chilled and sinks 
again by convection. Shrinkage defects are almost 
absent by visual inspection and the equiaxial walls 
are almost parallel. 

The result of the accidental refractory on the surface 
of ingot (5), meant to be a confirmation of ingot (3), 
is seen in the concave surface of the top of the head 
and the larger and earlier-formed cavity. The lump 
of sand partly insulated the liquid and when freezing 
was well advanced in the casting, it made the convec- 
tion currents less effective, thus changing the structure 
from nuclear to equiaxial in the last stages of dendritic 
freezing. 

The upward movement of liquid and the chilling 
effect of the head surface were eliminated by using 
dressings of exothermic compound in ingots (6) and 
(7). This has promoted the wall growth of equiaxial 
crystals within the ingots and resulted, especially in 
ingot (6), in remarkably localized secondary piping 
of a different character from previous examples. 

A different mechanism is required to account for a 
drop in temperature sufficient to bring about the 
formation of nuclear crystals in the upper parts of 
ingot (4), since the conditions appear rather similar 
to those in ingots (6) and (7), where equiaxial crystals 
prevail. However, experiments by Smith and the 
author have confirmed an impression already formed, 
that active downward convection currents can be 
caused by transverse temperature gradients at the 
wall even when the vertical gradient is unfavourable, 
although they take a different return course (Fig. 7, 
ef. Figs. 5a and b), which is similar with both methods 
of tracing. The highly-insulated head has delayed the 
freezing in the upper part of the casting and allowed 
a marked vertical temperature gradient to be set up in 


APRIL, 1956 












































f 1 
Vermiculite insulation 
\ 
as SSSA SoS sic Sons Successive loci 
* ag of current 
< # B 
< i iT 
2 t \ | | Ambient 
° re f temperature 
S I} 22°c 
4 t t J 
€ 
S E t ’ ad } 
oe t 
| es \ J f 
eb Nw ued 
Cc t 
4} Top 
Beaker at 32°C placed Hii water 
in another at 20°C { 
J. 
——- 5, 





When conditions settled after about 1 min, both colour and particle 
tracers took the same downward course; temperatures in liquid 
below C were uniform, the return current was rapid and circula- 
tion occurred in a gradually decreasing orbit. Current A to the 
bottom ceased; after about 1 h, one particle was still following 
track B with about ? in. orbit. 


Fig. 7—Convection currents with adverse vertical 
temperature gradient observed in a glass container 


the solid columnar wall. As the convection currents 
in the early stages were ineffective, the crystals formed 
did not grow to nuclear size but were carried to the 
bottom to grow there as equiaxial crystals, as in 
ingot (1). Liquid continued to circulate during colum- 
nar growth and, during the later stages of this circula- 
tion, the descending liquid stream cooled sufficiently, 
owing to the vertical temperature gradient, to allow 
nuclear crystals to grow. This factor probably plays 
a part in the formation of ingots (3) and (5). 

The mechanism described affords a reasonable 
interpretation also of the V segregate. The deposition 
under gravity of nuclear crystals leads to behaviour 
analogous to the ‘ natural angle of rest’ achieved in 
piling loose materials. Such crystals will pile up at 
the bottom and up the sides of the casting wall and 
will periodically collapse across the casting section 
causing discontinuity in the upward growth of the bed 
of nuclear crystals. Each time this ‘ collapse ’ 
occurs, a film of liquid, which later becomes segregated, 
is entrapped and the final distribution will accord 
with the well known V-shaped segregate banding. 
Such an explanation seems a good deal more convinc- 
ing than the orthodox “ sucking in by contraction ”’ 
of the partly formed solid because the conformation 
of the V segregates is far from that which might be 
expected from such a cause. It is worth noting that 
V segregates only appear in the nuclear beds and 
never in dendrite crystals. 

Horizontal Castings 

In the first part of this paper, Northcott’s proposal 
has been included in its original form, because the 
result he obtains supplies quite well the necessary 
link in the argument, in the case of the vertical castings. 
In horizontal castings however, a modification in 
detail seems to be required, because according to his 
solution, the same situation would arise on an upper 
face to check the columnar dendrites there, where in 
fact they usually grow to the centre of freezing and 
often nearly to the geometrical centre. It has been 
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suggested* 7 that equiaxial crystals do form above the 
centre of freezing and sink away leaving the liquid 
clear for the columnars to advance. The heat of their 
freezing, however, would have to be dissipated through 
the columnars, and that in itself would severely retard 
their growth. 

Referring to Northcott’s diagram (Fig. 4), it would 
seem in the first place that in the light of later in- 
formation,® ® 7 the temperature gradient flattens 
out when it reaches the liquidus temperature, and 
would lie parallel with the latter and eventually 
coincide with it. This flattening of the temperature 
gradient parallel with the liquidus is also due to 
convection. In the convection experiment (Fig. 7), 
no measurable temperature difference could be found 
at the level C 1 min after the beaker was placed in the 
cooler water. 

Secondly, unless there is movement the only 
segregated liquid that can lie directly between the 
point of the dendrite and the main body of liquid is 
the minute amount required to form the extreme tip. 
This film would still be at its own liquidus temperature 
and with any further cooling the tip of the dendrite 
would push through it. Larsen many years ago spoke 
of the dendrite as “reaching out into the liquid.” 
The main bulk of the dendrite must be formed from 
the liquid at its flanks and here Northcott’s diagram 
exactly represents the position because the advance 
of the solid interface is very slow and as the tempera- 
ture falls, the surrounding layers must freeze independ- 
ently. However, the resultant solids would take the 
equiaxial dendritic form according to the hypothesis 
here put forward, because they would rapidly become 
fixed to each other and the columnars and grow only 
on axes favoured by the conditions. 

The solution suggested is that when the liquid 
as a whole reaches its liquidus temperature, it starts 
to freeze at its verges, and the first fall of temperature 
will be in the liquid between the columnar points that 
has hitherto been unaffected by the freezing of the 
points themselves (Fig. 8). The solid interface thus 
becomes full of segregated liquid, and the latter 
tends to rise by convection and cover the points of the 
dendrites. A connection in timing is established 
between the total loss of superheat in the liquid and 
the cessation of columnar growth which undoubtedly 
exists on a side or bottom face. 

It has long been recognized by most authorities that 
segregated liquid does escape and flow upwards in the 
later stages of freezing, and it is difficult to see why 
this should not happen in a milder way under the 
conditions postulated. 
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On an upper horizontal face, the liquid of the lowest 
density is already uppermost and convection cannot 
operate to displace it. Under these circumstances there 
is no interruption of columnar dendritic growth, and 
no free crystallites (‘ nuclears ’) are formed. 

At the bottom of these horizontal castings,* a bed 
of nuclear equiaxial crystals is found above the 
columnar dendrites when the superheat is not 
excessive. Because there is little convection, 
the heat loss after the film of superheated liquid 
has formed at the points of the columnars will come 
from a narrow layer at the bottom of the central 
body of the liquid that is still at its liquidus tempera- 
ture (Fig. 9). Nuclear crystals form in this layer and 
sink to the bottom. As long as sufficient heat of 
freezing is given off to maintain the superheat in the 
liquid below, nuclear formation will continue, but, 
as in the vertical castings, this will be succeeded by 
dendritic equiaxials as soon as the rate of formation 
falls sufficiently. 


Junction of Dendritic and Nuclear Beds 


The cavity at the junction of the head and ingot 
proper in casting (1) is of interest, as it is typical of a 
type of defect that may be found in ingots (cf. Plate 
XVf, ref. 8). 

When the section was sulphur-printed, the cavity 
was filled by a mass of long, thin dendrites, as can 
be seen from Fig. 10, but the patch had obvious fine 
porosity. When the section was later etched, the 
whole piece dropped out but unfortunately was not 
kept. It must be assumed that the acid had eaten 
through the fine dendrites connecting it to the cast- 
ing. 

In this and all other castings where nuclear freezing 
is not carried up into the head, an independent system 
of nuclear freezing in the head itself is often brought 
about by conditions very similar to that in the hori- 
zontal castings. With the completion of dendritic 
freezing in the casting, a marked temperature gradient 
is set up to the head so that a front of nuclear freezing 
is formed across the whole of the liquid left. In both 
ingots (1) and (4) the liquid in the head was too hot to 
freeze at once, and time was given for dendritic 
equiaxials to grow upwards in the cone-shaped cavity 
that is formed at the top of the casting proper, when 
its dendritic freezing is completed. Later, showers of 
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Fig. 9—Mechanism of freezing from bottom surface of 
horizontal casting 
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Fig. 10—Sulphur print obtained at the base of the head in ingot (1) (On subsequent etching, the central area 
became detached, leaving the cavity shown on Fig. 1) x 2 


crystals covered up the partly formed dendritic 
growth with the result that in ingot (1), the supply of 
feed liquid was cut off and their growth was never 
completed. The meeting of two independent systems 
of freezing, of which this is an exaggerated example, 
is a source of the troubles found in the upper half of 
chilled ingots. 


Distribution of Micro-segregation 


A number of investigations‘ have shown that nuclear 
beds of crystals invariably contain less of the segre- 
gating elements C, S, and P than the liquid steel as 
cast, or the mean of the results obtained from the 
casting as a whole. 

Under the system of nuclear formation described, 
it is only logical to suppose that some of the film 
of segregated liquid that must surround each crystal 
as it grows in the current becomes detached and is 
left behind in the liquid. Liquid of higher liquidus 
temperature would replace it round the crystal and a 
sudden growth between its axes must result. If that 
occurs at a specific size when the crystals are still too 
small to sink, it would result in a rapid growth to 
nuclear size which would explain not only their 
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polygonal shape but also the sharp transition from 
one type of crystal formation to the other. 

The distribution of these elements in ordinary 
ingots is shown in Fig. 11, taken from the lst Hetero- 
geneity Report,’ where the average analysis is shown 
as a percentage of the mean analysis from nine differ- 
ent ingots of varying size at the positions indicated. 
A reasonable explanation would seem to be that the 
liquid in the current, slightly enriched by the nuclears 
formed in it, turns towards the centre at the bottom 
as the flow dies away, following a similar course to the 
coloured trace in Fig. 5. Its speed upwards would be 
greater, however, since it has lost weight and pre- 
sumably acquires some superheat from the surround- 
ing liquid. Continual additions to the bottom would 
gradually raise all the liquid left, until the enriched 
liquid that was the earliest to come down would reach 
the head and be drawn into the convection current 
again, to produce more nuclear crystals and further 
enrich itself. 

The progressive increases of the segregation in the 
vertical plane of the ingot is exactly what would be 
expected. It is noteworthy that the increase occurs 
in both equiaxial and nuclear zones, but that the 
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Fig. 11—Variation in C, S, and P content of samples 
removed from steel ingots* expressed as % of the 
mean 


segregation of any given level in the latter is always 
less, and agrees with the findings of the present author. 


CONCLUSIONS 


Modifications to the thermal conditions in the feeder 
heads of long, vertically-poured steel castings lead to 
important changes in the mechanism of crystal growth 
in the solidifying steel. These changes are effective 
in the earliest stages of freezing, and can only be 
caused by convection currents. 

Nuclear and equiaxial dendrite crystals are con- 
sidered to originate from identical crystallites, and the 
difference in their shapes is attributed to the differ- 
ences in the environment in which they grow. 

In nearly all the mechanisms proposed in the past, 
a major difficulty has been tu explain how the heat 
of freezing is dissipated in equiaxial formation. It is 
seen here that in vertical castings, nearly all such 
freezing takes place in the current at the walls so that 
the heat is dissipated through them. That explanation 
also shows why, in nuclear crystal formation, the 
columnar wall growth is severely checked. 
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V segregates are not caused by the materials being 
sucked down in the centre of the casting, as often 
suggested, but are traces of the natural angle of 
repose of such loose materials. The crystals pile up 
against the walls of the casting and periodically 
collapse across it to the centre. 

Variations in the degree of micro-segregation found 
in different parts of ingots are shown to be caused by 
convection. 

Much work has been published in recent years, 
particularly by Chvorinov,® Paschkis,® " and 
Pellini,!* that seeks to base the mechanism of freezing 
in the relationship of the volume of liquid to the sand 
area of the mould face. The relationship is important, 
but the results shown here prove that such theories 
are seriously incomplete as a general mechanism of 
freezing. 

The assumption often made by this school of 
metallurgists, that a fall in the temperature of the 
liquid to below its liquidus indicates that solids are 
present in it, is not justified. The liquid has often 
become separated trom the solids formed in it, and as 
it contains nothing larger than crystals so small as to 
be still in suspension it must start freezing again as a 
steel with a lower liquidus temperature. 

The slogan ‘ controlled directional feeding,’ though 
usually sound advice, is shown to be untrue in some 
applications. Here a better result was obtained when 
the head was chilled. 
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Table II 
CHEMICAL ANALYSES OF STEELS 

Mark 67AF2* 60AF2*| 14K2+ | 16K2{ | 16Kit 19K1it+ 19K2+ 20Kit 17K2 15K1 17K1 18K1 18K2 
Carbon, % 0:40 0-40 | 0-40 0-37 |0-38 0-38 |0-40 0-40 0-37 | 0-38 0-38 0.42 0.38 
Manganese, % 1-65 1-58 |1-52 (1-47 |1-37 |1-50 1-50 1-50 1-47 |1-50 1-48 |1-50 | 1-50 
Silicon, % 0-18 | 0-20 | 0-19 | 0-20 0-19 |0-20 (0-23 0-22 0-20 |0-20 0-21 | 0-20 | 0-20 
Sulphur, % 0-005 0-005 / 0-011 | 0-008 0-008 0-008 0-01 0-010 0-01 | 0-01 0-009/ 0-008 0-008 
Phosphorus, % <0-001 0-055 | 0-002 | 0-061 | 0-002 | 0-006 | 0-017 0-032 0-059 | 0-002 0-061 | 0-002 0-062 
Nickel, % 0-30 0-30 | 0-35 0.36 0-37 0-33 0-34 0-36 0-34 (0-35 0-34 (0-33 0-33 
Chromium, % 0-18 0:19 | 0-21 | 0-20 |0-20 |0-21 0-22 0-22 '0-21 |0-20 0-19 |0-20 | 0-20 








Molybdenum, % 0-053 0-048/0-10 0-10 | 0-14 





0-16 0-16 0-16 0-15 {0-20 0-20 |0-40 0-40 











* Steels 67AF2 and 60AF2 made from Swedish iron base 


to a completely martensitic condition, or by quenching 
in molten lead to produce a hardened structure con- 
taining a predetermined amount of intermediate 
transformation product (or bainite). The steels were 
then tempered and their tensile properties and 
notched-bar impact values were determined. 


MATERIAL AND EXPERIMENTAL METHODS 


The steels were prepared on a 25-lb scale in a 
vacuum-melting furnace, following the procedure 
described by Hopkins, Jenkins, and Stone,! which 
involves deoxidizing the melt with pure hydrogen and 
removing the hydrogen by reducing the pressure before 
casting. Close control of composition and freedom 
from solid deoxidation products were obtained. The 
alloying elements were added in the form of pure 
metals, with the exception of phosphorus, which was 


t+ Steels 14K2-20K1 made from ingot iron base 


added as an iron—phosphorus alloy containing 24% 
of phosphorus. Carbon was added last in the form of 
graphite rods, just before casting. 

The compositions of the steels are given in Table II. 
The steels contained approximately 0-4% carbon, 
1-5% manganese, 0-:3% nickel, 0-2% chromium, 
0-2% silicon, and 0-01°% sulphur, and could be divided 
into five groups containing respectively 0-05%, 
0-10%, 0-15%, 0-20%, and 0-40% of molybdenum. 
The nickel and chromium contents were approximately 
those appearing in current open-hearth steel. Each 
group contained a low-phosphorus and a _ high- 
phosphorus steel, and the 0-15% molybdenum group 
included steels with 0-002%, 0:006%, 0-017%, 
0-032%, and 0-059% of phosphorus. 

Two base irons were used in the course of the work, 
a Swedish iron containing less than 0-001% of phos- 
































Table III 
TENSILE AND IMPACT PROPERTIES OF STEELS QUENCHED AND TEMPERED TO VARIOUS TENSILE 
LEVELS 
Mark 67AF2 60AF2 
Nominal Hardness, D.P.N. | 275 | 320 370 | 420s| 275 320 | 370 | «420 
oe oe am 
0-1% Proof stress, tons/in* 44.7 52-6 66-0 74-7 46-7 | 53-5 65-8 | 72-6 
0.2% Proof stress, tons/in* 45.2 53-4 | 67-6 | 76-2 46-7 54-8 67-5 74-3 
0-5% Proof stress, tons/in® 45.9 54.7 70-2 | 79.2 46:7 | 56-2 70-0 77-1 
Ultimate tensile strength, tons/in* 54-0 | 62-1 74.7 84.3 54-0 63-8 75-3 82-4 
Elongation, % 26 20 a7 13 28 19 16 14 
Reduction in area, % | 64 | 55 | 50 48 | 65 48 | 45 42 
es en Pe ee | | | . | ea ae 
{ | | ' 
Impact transition temperature, ° C —§55 | -—59 | —37 +2 | —14 +35 | +106 +230 
Lowest temperature of completely ductile —40 —40 , +27 +60 +6 | +100 +250 +300 
fracture, °C | j | | 

Charpy value at 20°C, ft-lb | 93 72 34 20 79 | 29 | 9 <5 
Tempering temperature, ° C | 625 | 550 500 450 650 550 500 450 

————_$ -— ee t | Ee, eee ST ea: ae ee meres (eae — 
Phosphorus, % | <0-001 0-055 
Molybdenum, % 4 0-05 

| 
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phorus, and an ingot iron containing 0-002% of 
phosphorus. 

The ingots were octagonal, 10} in. long x 2? in. 
across the flats, and were hot-rolled at 1100° C to 
§-in. dia. bars and normalized at 950°C. The 
McQuaid—Ehn grain sizes of the materials proved to 
be 5-6. 

Preliminary experiments were made on each steel 
to find the times of immersion which would produce 
50% and 100% transformation at each of the chosen 
lead-bath temperatures. The specimens were oil- 
quenched after treatment in the lead bath and the 
extent of transformation was judged microscopically. 
Figures 5a, b, and c show typical microstructures of 
steels fully transformed in the martensitic range 
during quenching, partially transformed in the inter- 
mediate range, and fully transformed in the inter- 
mediate range. The quenching treatments having 
been decided, the conditions of tempering required 
to produce the desired tensile strengths were deter- 
mined in the usual way by the hardness testing of 
suitably tempered blanks. Unless otherwise stated, 
the test-piece blanks were oil-quenched from the 
tempering temperature. 

The test-piece blanks were 4? in. long x 2 in. dia. 
For the tensile tests, a specimen according to B.S.18 
(1 in. gauge length, 0-282 in. dia.) was used, and an 
extensometer was used to measure 0-1%, 0-2%, and 
0-5% proof stresses. For the impact tests, Charpy 
test pieces with an Izod V notch were used, and tested 
in a Charpy machine. As a rule, eight test pieces were 
tested over a range of temperature to define the 
impact transition range. The test pieces were brought 
to temperature in a suitable liquid bath, rapidly 
transferred to the machine, and broken within a few 
seconds. The change of temperature before fracture 
was not more than 2°C. The transition temperature 
was arbitrarily taken to be the temperature at which 
the energy absorption was half the energy absorption 
in the fully fibrous or tough condition, but the lowest 
temperature at which the fracture was completely 
fibrous was also recorded. 


Fully Hardened Steels, with and without Phosphorus, 
Tempered to Various Tensile Strengths 


Initially a comparison was made between the 
properties of phosphorus-free and phosphorus-con- 
taining steels, fully hardened by quenching in oil, and 
tempered to tensile strengths of 50-80 tons/in®. 
These experiments were made on the steels containing 
0-05% of molybdenum, and the results are given in 
Table III and Fig. 1. So far as the tensile tests are 
concerned, they support the belief that the mechanical 
properties of fully hardened and tempered steels are 
not influenced by details of composition. Except for 
a slight inferiority of reduction in area in the harder 
phosphorus-containing specimens, which many would 
regard as insignificant, the properties of both steels 
are identical. Nevertheless a substantial and con- 
sistent difference appears when the notched-bar 
impact tests are considered. The impact transition 
temperatures are consistently higher for the phos- 
phorus-containing steel, and the impact values at 
room temperature are such that (bearing in mind the 
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Fig. 1—Variation of impact transition temperature 
with tensile level 





possibility of differences in the energy absorptions of 
the Charpy V-notch specimen and of the standard 
Izod specimen) the phosphorus-free steel heat-treated 
in bars of this small size would be expected to meet 
all specifications up to a tensile strength of 70 tons 
in?, whereas the phosphorus-containing steel might 
fail to meet the requirements for a tensile strength of 
60 tons/in?. 

Influence of Transformation in the Intermediate Range 

and Effect of Variation of Molybdenum Content 

The comparison between materials transformed in 
the intermediate range during quenching, and fully 
hardened, was first made on steels containing 0-05°% 
of molybdenum, heat-treated after quenching to a 
strength of 55 +3 tons/in®. The lead bath used 
for isothermal transformations was at 450°C and 
each steel was given treatments which produced 50% 
and complete transformation of the austenite in the 
lead bath. 

The results of the tensile and impact tests, given 
in Table IV, showed the familiar slight fall of proof 
stress, elongation, and reduction in area associated 
with transformation in the intermediate range, as 
well as the sharp fall of impact value at room tempera- 
ture. This lowering of impact value was the con- 
sequence of a marked raising of the impact transition 
temperature which occurred as a result of transforma- 
tion in the intermediate range in both the phosphorus- 
free and phosphorus-containing steels. The deteriora- 
tion caused by transformation at 450° C was greater 
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Fig. 2—Variation of impact transition temperature with 
molybdenum content 


in the phosphorus-containing steels, the difference in 
the impact transition temperatures in the two extreme 
states being 83° C for the steels containing < 0-001% 
of phosphorus, and 134° C for that containing 0-055% 
of phosphorus. The specimens that had been partially 
transformed at 450° C were intermediate in properties 
between those fully hardened in oil and those com- 
pletely transformed at 450°C. The fully quenched 
steels would have passed the impact test requirements 
for their tensile strength at both phosphorus contents, 
and the partially transformed phosphorus-free steel 
would also have done so. The position of the partially 
transformed phosphorus-containing steel and the 
phosphorus-free steel fully transformed at 450° C is 
doubtful on account of the uncertainty of the correla- 
tion between Izod and Charpy V-notch tests, but the 
fully transformed phosphorus-containing steel would 
certainly be considered unsatisfactory. 

A further series of comparisons was made using 
steels in which the molybdenum contents were 


systematically varied from 0-10% to 0-40%. The 
steels were heat-treated to a minimum tensile strength 
of 60 tons/in*, and the isothermal transformations 
were performed at 370°C. For each steel of each 
molybdenum content, comparisons were made between 
samples fully hardened, and fully transformed in the 
intermediate range, and between samples of high and 
low phosphorus content. The results of the tests are 
set out in Table V, and in Fig. 2 the impact transition 
temperatures are plotted against molybdenum content 
for each of the four conditions. 

The tensile properties of the steels were not signifi- 
cantly different, but the impact values and impact 
transition temperatures varied widely. The lowest 
transition temperatures were found in the fully 
hardened steels of low phosphorus content, and in 
these the impact values were practically independent 
of the molybdenum content. However, the addition 
of molybdenum greatly reduced the deterioration 
caused by the presence of phosphorus in fully hardened 
steels, and it also reduced the deterioration due to 
transformation at 370° C. Even when fully hardened 
before tempering, the high-phosphorus steels at this 
tensile level could not be depended upon to reach the 
desired standard of impact value at room temperature 
unless their molybdenum content was above 0-15%,. 
The low-phosphorus steels on the other hand almost 
attained the standard when fully transformed at 
370° C, and it is practically certain that a shorter 
treatment during the hardening operation, resulting 
in the presence of a proportion of martensite in the 
structure before tempering, would have resulted in a 
satisfactory impact value. When 0-4°% of molyb- 
denum was present, even the high-phosphorus steel 
fully transformed at 370° C had a satisfactory impact 
value at room temperature. The steel containing 
0-4% of molybdenum and 0-06°%, of phosphorus, fully 


Table IV 
TENSILE AND IMPACT PROPERTIES OF STEELS PARTIALLY AND COMPLETELY TRANSFORMED 
AT 450°C 





Mark | 


























a a a 








| 67AF2 60AF2 
Pre-Martensite Transformation, % | 0 50 | 100 0 50 100 

0-1% Proof stress, tons/in* 44.7 | 43.4 | 38-5 46-7 | 41-3 | 40-6 
0.2% Proof stress, tons/in* 45.2 45.3 40.0 46-7 42-7 | 41-8 
0.5% Proof stress, tons/in? | 45-9 47-5 42.2 46-7 43-8 43-8 
Ultimate tensile strength, tons/in* 54-0 57-3 54-0 54-0 | 54-2 54-8 
Elongation, % 26 20 23 28 25 | 21 
Reduction in area, % 64 56 61 65 | 59 | 59 
es 6S Dee ee ie EES Fens ee 

| | | 
Impact transition temperature, ° C is —2 +28 |, -—14 | +26 +120 
Lowest temperature of completely ductile | —40 +20 | +80 +6 | +80 | +160 

fracture | | 

Charpy value at 20°C, ft-Ib 93 78 28 79 | 32 CO 6 
Oo | 1 meved lied 

| | | 
Tempering temperature, ° C | 625 550 490 | 650 | 590 | 490 
chateau | | | | | 

, | 
Phosphorus, % <0-001 0-055 
Molybdenum, % 0-05 
Specimens isothermally transformed at 450° C 
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Table V 
TENSILE AND IMPACT PROPERTIES OF STEELS WITH INCREASING MOLYBDENUM CONTENT 
| | } 
Mark | 14K2 | 16K2 | 16K1 17K2 | 15K1 17K1 18K1 18K2 
| | 
Pre-Martensite Transforma- | @ | 100 | © | 100 | © | 100| © | 100| © | 100/| © | 100) © | 100/| © | 100 
2 | | | | 
0-1% Proof stress, tons/in* 53-2 | 42-5 53-6 | 57-0 | 52-7 | 50-0 | 53-2 52-6 | 53-7 | 49-0 | 53-1 | 54-4 58-8 | 55-0 56-5 54-0 
0-2% Proof Stress, tons/in* 53:2 | 46-8 | 53-6 | 57-3 | 52-7 | 52-3 | 53-5 | 52-6 | 53:7 | 52-2 | 53-1 | 54:6 | 58-8 | 55-0 | 56-5 | 54-0 
0-:5% Proof stress, tons/in* 53-2 | 52-8 | 53-6 | 57-6 | 53:2 55-7 53:7 52:9  53°8 54-8 53-1 54-8 58-8 55:0 56:5 54:0 
Ultimate tensile strength, tons/ 60:4 64:5 62-0 | 66:8 | 61:2 65:0 62:0 63:3 | 61:4 | 64:6 | 61:0 64:6 64:3 | 64:3 63:3 64-6 
in 
Elongation, % 22 | 19 ae | 21 22 20 20 21 21 20 19 22 20 21 23 21 
Reduction in area, % 64 | 66 | 55 63 63 66 55 61 61 61 43 63 61 64 59 62 
Impact transition temperature, | —82 +100 +36 +170 -—76 | +75 +4 +140 -—88 +34 10 +130 -82 12 46 +28 
ba 
Lowest temperature of com- —60 +130 | +60 |+230 -60 +80 +60 +170 -60 +40 0 +170 40 +60 -30 +60 
pletely ductile fracture, ° C 
Charpy value at 20° C, ft-lb | 81 20 29 | 5 75 31 35 7 88 25 53 8 79 100 | 79 45 
Charpy value at —196° G, ft-Ib | 7 4 ai. 2 Ss 4 4 2 7 3 5| 2 7 4 6 3 
Tempering temperature, ° C | 580 400 600 | 480 590 440 610 520 600 480 620 | 530 | 620 570 640 580 
| | 
Phosphorus, % 0-002 0-061 0-002 0-059 0-002 | 0-061 0-002 0-062 
Molybdenum, % 0-10 0-15 0-20 0-40 
Molybdenum/phosphorus ratio 50 1-64 | 75 2°54 100 3-28 200 6°45 











Specimens isothermally transformed at 370°C for 10 min 


transformed at 370°C and tempered, had the same 
transition temperature as a low-phosphorus steel con- 
taining about 0-20% of molybdenum in the same 
condition. It can be deduced that in steels that have 
been only partially hardened during quenching, the 
removal of 0-06°% of phosphorus has roughly the same 
effect as the addition of 0-20°% of molybdenum. 
These results appear to be of some practical impor- 
tance, for they suggest that a greater understanding 
of the effects of the minor constituents of steel that 
influence its notched-bar impact value might result 
in a more effective use of alloying elements. It is not 


always necessary to insist upon the complete harden- 
ing of steel during quenching provided that the steel 
is sufficiently free from those impurities that can cause 
an intolerable deterioration of the notched-bar impact 
properties, and the more efficiently the steel is refined, 
the more advantage can be taken of this fact. 

On the other hand, if the degree of notch toughness 
required is high, not even full hardening and the 
addition of a large proportion of molybdenum can 
fully compensate for the presence of an undue pro- 
portion of phosphorus. Other elements may well have 
similar effects, and the relation between the tolerable 














Table VI 
TENSILE PROPERTIES OF STEELS WITH INCREASING MOLYBDENUM CONTENTS AT — 196°C 
Mark 15K1 17K1 18K1 18K2 

Pre-Martensite Transformation, % 0 100 0 100 0 100 0 100 
0-1% Proof stress, tons/in? 79-6 75-1 | 81-2 78-6 88-1 81-0 83-1 80-8 
0.2% Proof stress, tons/in? 80.4 76-2 81.4 78-6 88.1 81-8 83-1 80.8 
0-5% Proof stress, tons/in? 80.4 77-0 81.4 78-6 88-1 81-8 83-1 80-8 
Ultimate tensile strength, tons/in’ 87-3 87-0 87-3 87-8 90-8 89-6 88-8 89.8 
Elongation, % 22 16 13 14 22 20 17 | 22 
Reduction in area, % |; 51 26 12 15 46 39 21 41 
Ultimate tensile strength at 20°C, tons/ | 61-4 64-6 61-0 64-6 64-3 64.3 63-3 64-6 

in? 

Fracture stress, tons/in* 140 102 99 103 | = 152 132 114 133 
Impact transition temperature, ° C —88 +34 —10 +130 —82 —12 —46 | +28 
Tempering temperature, ° C _ 600 480 ; 620 530 | 620 570 640 580 
Phosphorus, % 0-002 0-061 0-002 0-062 
Molybdenum, % | 0.20 0-40 














Specimens isothermally transformed at 370°C for 10 min 
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Table VII 
TENSILE PROPERTIES OF STEELS AT — 253°C 
Mark 15K1 17K1 18K1 18K2 
Pre-Martensite Sia 0 id 100 0 100 0 100 | 0 100 


Transformation, °, 





130 129 113 123 151 141 
24* 7 52 
+34 


Ultimate tensile 
strength, tons/in* 
Reduction of area, % 54 


—88 


43* 19 
—10 
620 


Impact transition 
temperature, °C 

Tempering 
temperature, °C 


600 480 


Phosphorus, % 





Molybdenum, % 


128 | 123 131 129 134 107 | 138 | 129 139 137 


0; 5| 
+130 


Soe 42+ 
—46 


640 


56 458 | (17 49 


—12 +28 


580 


—82 


530 620 570 








* Specimen twinned 


proportions of impurities, and the necessary standard 
of notched-bar properties, is clearly of great signifi- 
cance. 

It is probable that these conclusions apply to heat- 
treated medium-carbon alloy steels as a class, although 
the evidence presented relates only to manganese- 
molybdenum steels within a restricted range of com- 
position. Nevertheless, it is possible that particular 
alloying elements may have special effects upon 
individual impurities, and a wide range of studies 
must be made before the position can be fully known. 
It will of course be appreciated that even in the purest 
steel the best combination of strength and notch 
toughness cannot be obtained without full hardening 
on quenching, and that the depth-hardening capacity 
conferred by addition of the usual alloying elements 
is still necessary when pure steels are heat-treated in 
large masses. 


Tensile Tests at —196° and —253°C 

It has been stated that the tensile tests at room 
temperature of the steels described in the preceding 
section showed none of the variations displayed by 
the impact tests. A few tests were made on some of 
the steels at —196° C to see whether tensile tests at 
low temperature would reveal the inferiority of the 
high-phosphorus and imperfectly hardened steels. 
The results of these tests are given in Table VI, from 
which it is seen that whilst the tensile strength and 
proof stress were unaffected, the steels with poorer 
impact properties had in general distinctly lower 


Table VIII 


ESTIMATED STRESSES FOR ENDURANCES OF 
105, 10° AND 107 CYCLES 














Estimated Stress Range, tons/in*, 
Material Test | for an endurance of 
10° cycles | 10° cycles | 10’ cycles 
| | 
15K1 Plain | 0+35-1 | 0+32-9 0+32-8 
17K1 Plain 0+36-2 0+32-8 | 0132-4 
15K1 | Notched 0415-6 0+13-6 0+13-0 
17K1 | Notched | 0+14-6 0+13-7 0+13-6 
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elongation and reduction in area than those with 
better impact properties. The impact values of the 
steels at —196°C, which are recorded in Table V, 
were in every case low, though values as high as 
7 ft-lb were obtained in the fully hardened low- 
phosphorus steels. Attention may be drawn to the 
excellent tensile properties displayed at —196°C 
when the steels are both fully hardened before being 
tempered, and low in phosphorus, which suggests that 
such steels may be useful structural materials at low 
temperatures, if adequate precautions are taken 
against stress concentrations. 

The same steels were also tested in duplicate at 
—253° C in a Chevenard micro-testing machine, with 
the results shown in Table VII. At this temperature 
the strength of the steels was much increased, and 
averaged 130 tons/in?, but their mode of fracture 
was somewhat irregular. Several samples twinned 
before fracture, and in doing so underwent extension 


























of 4-5%. As a rule the samples showed a small 
amount of elongation, concentrated near the fracture. 
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Fig. 3—Effect of phosphorus on the transition tempera- 
ture in impact of 0.4% C, 14 Mn steel tempered to 
60 tons/in*® tensile level after full hardening and 
after full transformation in the intermediate range 
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The reduction in area at fracture varied widely, being 
in some specimens of the order of 5% only, and in 
others as high as 40-50%. There was, however, no 
consistent difference between the steels of low and 
high phosphorus content, and no difference between 
those which had been fully hardened and those which 
had been isothermally transformed. The differences 
of impact transition temperature were in no way 
reflected in the breaking stresses at —253° C. 


Fatigue Tests on Plain and Notched Bars 

The steels described in Table V show a very wide 
range of impact transition temperatures, from —88° 
to + 170°C, and the opportunity was taken to 
determine whether the effect of this range of properties 
could be discerned in the fatigue resistance of the steels 
at room temperature. The steels chosen for the test 
were the 0-20% molybdenum steels, low in phos- 
phorus and fully hardened, with a transition tempera- 
ture of —88°C, and the 0-20% molybdenum, 0-061% 
phosphorus steel, isothermally transformed, with a 
transition temperature of +130°C. Wohler fatigue 
tests were made on plain polished bars 0:4 mm in 
dia. and on notched bars having a 45° V-notch 2 mm 
deep, 0-25 mm root radius, and a diameter at the 
root of the notch of 5mm. The tests were continued 
to 2 x 10’ cycles. The estimated stresses for endur- 
ances of 105, 10%, and 10’ cycles (Table VIII), showed 
no significant difference between the two steels, so 
that it appears that the inferior toughness of the steel 
with high impact transition temperature was not in 
any way reflected in the fatigue resistance of the steel. 
The same conclusion has been reached by other 
investigators.?-4 


Influence of Proportion of Phosphorus 
The effect of variation of the phosphorus content 
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was studied on steels containing 0-15°% of molyb- 
denum, heat-treated to 60-65 tons, in? tensile strength. 
The isothermal transformations were carried out 
at 370°C. The tensile tests at room temperature 
(Table 1X) confirmed that the tensile properties of 
the steels are practically unaffected by phosphorus. 
The impact transition temperatures rose uniformly 
with increasing phosphorus content in both fully 
hardened and isothermally transformed steels (Fig. 3), 
but the transition temperatures of the isothermally 
transformed steels were on the average 90° C higher 
than those of the fully hardened steels. The exception- 
ally high transition temperature of the isothermally 
transformed steel containing 0-002% of phosphorus 
was due to the choice of an unnecessarily low temper- 
ing temperature. At this molybdenum level, the fully 
hardened steels had a good chance of meeting the 
notched-bar impact test requirements at all phos- 
phorus contents up to 0-:06%. The position of the 
isothermally transformed steels was less certain, as 
their transition ranges lay near room temperature so 
that irregular results were to be expected. Neverthe- 
less it appears that the isothermally transformed steels 
had a good chance of meeting impact-test require- 
ments when the phosphorus content was below 0:03°%%, 
and little chance when the phosphorus content was 
higher than this. 

Some tensile and impact tests were made at 
—196° C on some of these steels, with results given 
in Table X. They confirmed the tendency of phos- 
phorus to reduce the elongation and reduction in area 
figures at this temperature, but the effect was slight 
when the phosphorus addition was not more than 
0:032% except in the 0-032°% phosphorus steel 
isothermally transformed at 370° C, which suffered 
an appreciable fall in the reduction in area. The 
impact values at —196° C were generally low. 


Table IX—TENSILE AND IMPACT PROPERTIES OF STEELS WITH VARYING PHOSPHORUS CONTENTS 























Mark 16K1 | 19K1 19K2 20K1 17K2 
Pre-Martensite Transformation, °, 0 100 0 100 0 100 0 100 0 100 
0-1% Proof stress, tons/in? 52-7 | 50-0 56-0 | 53-9 54-7 | 52-0 56-2 54-4 | 53-2 | 52-6 
0.2% Proof stress, tons/in? 52-7 52-3 | 56-0 | 54-4 | 54-7 52-5 56-2 54-4 53-5 | 52-6 
0-5% Proof stress, tons/in? 53-2 | 55-7 | 56-0 | 54-8 | 54-7 , 53-1 56.2 54-4 53-7 | 52-9 
Ultimate tensile strength, tons 61-2 65-0 63-5 64-3 61-6 62-6 63-5 64-1 62-0 63-3 
in? 
Elongation, % 22 20 23 23 21 22 22 21 | 20 21 
Reduction in area, % 63 66 63 66 61 69 58 62 | 55 61 
Impact transition temperature, —76 +75 —74 +15 —62 +24 —40 +43 +4 +140 
“¢ 
Lowest temperature of com- —60 +80 —50 +60 —20 +30 —20 +100, +60 | +170 
pletely ductile-fracture, ° C 
Charpy value at 20°C, ft-lb 75 31 77 74 86 40 73 43 | 35 7 
Charpy value at —196° C, ft-lb 5 4 12 6 9 4 4 >; *# 2 
Tempering temperature, ° C 590 440 580 500 590 510 590 520 610 520 
Phosphorus, % 0-002 | 0-006 0-017 0-032 0.059 
Molybdenum, % 0-15 














Specimens isothermally transformed at 370°C for 10 min 
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Table X 
TENSILE PROPERTIES OF STEELS WITH INCREASING PHOSPHORUS CONTENTS AT — 196° CG 
Mark ; | 19K1 | * 19K2 | 20K1 
—EEE U | — 
Pre-Martensite Transformation, % ae ee oT eer eo ae 
0-1% Proof stress, tons/in? 84.8 80.5 | 84.5 | 79-4 | 84.8 | 80.4 
0.2% Proof stress, tons/in? | 848 |; 80-5 | 845 | 79-4 | 848 | 80-4 
0.5% Proof stress, tons/in? | 848 | 80-5 | 84-5 | 79-4 | 84-8 | 80-4 
Ultimate tensile strength, tons/in? | 88-8 | 88-8 | 88-0 | 87-6 90-0 89.3 
Elongation, % i - ie ee oe See 
Reduction in area, % | 48 51 | 4a 49 44 29 
| | | 
Ultimate tensile strength at 20° C, tons/in? | 63-5 | 643 | 61-6 62-6 63-5 64-1 
| | 
Fracture stress, tons/in? | 140 143 138 | 140 140 119 
Impact transition temperature, ° C | 974 +15 | —62 | +24 —40 +43 
| | | j 
Tempering temperature, ° C | 580 500 590 | #510 | 590 | 520 
_— — —— —_ —_————— — — ——__— hes ———__—_— — —— Lisl eee 
| 
Phosphorus, % 0.006 | 0-017 | 0.032 
Molybdenum, % 0-15 











Specimens isothermally transformed at 370°C for 10 min 


Influence of Temperature of Isothermal Transformation 

In the above experiments the temperatures of the 
isothermal transformations were arbitrarily chosen, 
but in practice when a steel fails to harden completely 
during quenching the intermediate temperature trans- 
formation products form over an extended range of 
temperature. It was therefore desirable to investigate 
the relation between the temperature of formation of 
the intermediate transformation products and their 
properties after being tempered. This was done on 
the 0-10% molybdenum steels, with and without 
phosphorus, the test pieces being finally tempered to 
a tensile strength of 55-60 tons/in*. The heat- 
treatment blanks were fully transformed in the lead 


bath at 370°, 400°, and 450°C, and the test figures 
for these transformation temperatures are set out in 
Table XI. The impact transition temperature rose 
consistently as the transformation temperature was 
increased, and it was clear that at no transformation 
temperature would the properties of the phosphorus- 
rich steel be equal to those of the steel low in phos- 
phorus. The difference between the two steels is rather 
exaggerated in Table XI, for in spite of the use of 
higher tempering temperatures, the high-phosphorus 
samples turned out to be somewhat stronger than 
their low-phosphorus equivalents. At equal trans- 
formation temperatures, the transformation products 
of the phosphorus-rich steels were distinctly harder, 


























Table XI 
TENSILE AND IMPACT PROPERTIES OF STEELS TRANSFORMED ISOTHERMALLY AT DIFFERENT 
TEMPERATURES 
Mark 14K2 16K2 
Transformation Temperature, ° C 370 | 400 450 370 400 450 

j | | 
0.1% Proof stress, tons/in? | 42.9 | 42.7 | 36-4 48.5 45.2 43.3 
0.2% Proof stress, tons/in? 43-4 | 43-2 38.2 48-5 45.5 44.3 
0-5% Proof stress, tons/in? 44.4 | 444 | 41-1 48-5 46-2 45-8 
Ultimate tensile strength, tons/in? | 55-6 55-6 52-4 59-8 58-3 57-7 
Elongation, % 23 23 22 22 22 19 
Reduction in area, % | 67 | 67 61 57 64 48 
Impact transition temperature, ° C —16 —4 | +16 +88 | +120 ; +124 
Lowest temperature of completely ductile +16 | +16 | +70 +140 | +160 | +170 

fracture, ° C | | 

| | 
Charpy value at 20° C, ft-lb 116 | 80 53 17 | 12 9 

| | | 
Tempering temperature, ° C 530 500 440 580 | 550 510 
Phosphorus, % 0-002 | 0-061 
Molybdenum, % 0-10 
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and their rates of softening during tempering were 
less. Phosphorus is known also to increase the 
hardenability of steel to some extent. These are 
advantages that must be set against its embrittling 
effect. 


Incomplete Hardening Produced by Continuous Cooling 


Steels of this class have low impact values in the 
normalized condition, presumably on account of the 
presence of hard low-temperature transformation 
products, but when normalized and tempered they 
can have very acceptable impact values if their 
phosphorus contents are low. Table XII shows the 
results of simulating the effect of quenching large bars 
by inserting a test-piece blank into a hole drilled in a 
larger bar and oil-quenching the composite mass. 
This is a technique which if anything tends to 
exaggerate the influence of the increased section on 
account of the poor thermal contact between the test- 
piece blank and the surrounding metal. 

The experiment was made on steels containing 
0-05% of molybdenum, corresponding approximately 
to En.16A, with and without phosphorus. Bars of 
8-in. dia. were oil-quenched, and bars of 1} in. and 
2 in. dia. were simulated. The subsequent tempering 
was arranged to produce a tensile strength of 55 
tons/in?. 

Under these conditions the impact transition tem- 
peratures of the phosphorus-containing steels were the 
higher by 40-70° C, but neither steel was able to meet 
the impact-test requirement for a 55-ton steel in 
1}-in. and 2-in. dia. bars. The impact transition 
temperatures of the phosphorus-free steels suggested 
that with a little more molybdenum, say 0-10-0-15% 
in all, they would have been able to meet the require- 
ments for a 55-ton steel in a 2-in. dia. bar, which is 
approximately the requirement for an En.16 steel 
containing 0-20-0-35% of molybdenum. Little work 
of this kind has been done, but there is clearly much 


Table XIII 


COMPARISON OF TENSILE AND IMPACT PROPER- 
TIES OF OIL AND WATER-HARDENED STEELS 





Mark 16K1 | 17K2 


Quench Water Oil Water | Oil 





0-1% Proof stress, tons/ | 53-3 | 52-7 | 53-0 53-2 





in? 
0.2% Proof stress, tons/ | 53-3 | 52-7 | 53-0 53-5 
in? 
0-5% Proof stress, tons/ | 53-3 | 53-2 | 53-0 | 53-7 
in’ 
Ultimate tensile strength, 60-1 | 61-2 60-9 62-0 
tons/in? 
Elongation, % 18 22 22 20 | 
Reduction in area, % 41* 63 57 55 | 
Impact transition tem- —96 -—76 —40 +4 | 


perature, ~C 
Lowest temperature of —80 —60 -—20 +60 | 
completely ductile frac- 
ture | 
| 
| 


Charpy value at 20°C 69 75 64 35 | 
ft-lb 


Tempering temperature, 590 590 610 610 
°C 





Phosphorus, °% 0.002 0-059 





Molybdenum, % 0-15 





* Specimen contained quench cracks 


scope for assessments of the relative merits of increas- 
ing the purity of steel, and decreasing its content of 
special alloying elements. 
; Be ‘ eas 
The effect of quenching in water instead of in oil 
for the steel containing 0-15°% of molybdenum (heat- 
treated to 60 tons/in?), is shown in Table XIII. 











Table XII 
TENSILE AND IMPACT PROPERTIES OF STEELS QUENCHED IN VARIOUS RULING SECTIONS 
Mark 67AF2 60AF2 
Ruling Section § in. 1} in. 2 in. § in. 1} in. 2 in. 
0.1% Proof stress, tons/in* 44.7 39.1 38-1 46-7 38-0 40-2 | 
0.2% Proof stress, tons/in? 45-2 41.3 41-0 46-7 40.2 41-9 | 
0.5% Proof stress, tons/in? 45.9 43-8 45-0 46-7 43-3 44.0 | 
Ultimate tensile strength, tons/in? 54-0 54-6 55-8 54-0 54-6 55-7 | 
Elongation, % 26 21 20 28 21 20 | 
Reduction in area, % 64 57 55 65 45 50 | 
Impact transition temperature, ° C —55 +60 +77 | —14 +132 +113 | 
Lowest temperature of completely ductile | —40 +130 +170 +6 +250 +200 
fracture, °C | 
Charpy value at 20°C, ft-lb 93 18 20. CO 79 <12 9 
| ' | 
Tempering temperature, ° C | 625 =| = 470 470 650 500 500 
Phosphorus, % <0-001 0-055 
| 
Molybdenum, % | 0-05 








1956 
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Table XIV 


TENSILE AND IMPACT PROPERTIES OF STEELS WITH INCREASING MOLYBDENUM CONTENTS 
FURNACE-COOLED FROM THE TEMPERING TEMPERATURE 























| Mark | 16K1 17K2 15K1 17K1 18K1 18K2 
Pre-Martensite Transformation 0 | 100 0 | 100 0 100 0 100 1 100 0 100 
| Nl | Nl 
0.1% Proof stress, tons/in? 53-2 | 50-1 | 52-9 | 53-6 | 55-9 | 53-3 | 55-0 | 54-2 | 57-1 | 52-3 | 55-0 | 52-0 
0.2% Proof stress, tons/in? 53-6 | 51-3 | 52-9 | 53-6 | 56-2 | 54-3 55-0 54-2 57-2 | 52-5 55-0 | 52-2 
0.5% Proof stress, tons/in® 54-1 52-9 | 52-9 | 53-7 | 56-6 | 55-7 | 55-0 | 54-2 57-4 | 52-9 | 55-0 | 52-5 
Ultimate tensile strength, 62:0 62-8 | 61-5 | 64-6 | 64-0 | 64-8 | 63-1 64-3 65-0 | 62-9 63-5 63-5 
tons/in? | 
Elongation, % 22 21 | 24 | 21 | 22 | 20 | 21 21 as | 21 20 22 
Reduction in area, % 62 68 | 57 | 58 | 62 | 64 | 54 58 62 | 64 46 61 
Impact transition temperature, —80 +10 +66 +160 —80 | +12 | +45 |+150 | —80| -—1] —18| +70 
°C | 
Transition temperature, oil- -—76 +75, +4 |/+140 | —88 +34; —10 |+130 | —82 | —12 | —46 | +28 
quenched | 
Lowest temperature of com- —60 +80 4.130 |-+-200 | —60 | +40 '+140 |+220 | —60 | +30 0 +160 
pletely ductile fracture, ° C 
Charpy value at 20°C, ft-lb 80 69 27 9 79 94 20 9 a4 83 64 22 
Charpy value at 20°C, oil- 75 31 35 | “f | 88 25| 53 8 79 100 79 45 
quenched 
Tempering temperature, ~ C 570 480 | 610 | 520 570 | 480 610 530 620 | 570 640 580 
ae | at ace 
Phosphorus, % 0-002 0-059 0-002 0-061 0-002 0-062 
Molybdenum, % 0-15 | 0-20 0.40 




















The interesting feature of these tests is that the 
phosphorus-containing steel was significantly more 
improved by water-quenching, although the other 
experienced a slight improvement. It suggests that 
a rapid change may take place in martensite that 
makes for increased transition temperature after the 
martensite has been tempered, and that phosphorus 
increases the speed of this change. The curious effect 
of molybdenum in lowering the transition temperature 
of an oil-quenched phosphorus-containing steel, but 
not of a phosphorus-free steel, may then be explained 
by assuming that molybdenum decreases the speed 
of the change when phosphorus is present, but not 
when it is absent. 

Influence of Rate of Cooling After Tempering 

Many of the incompletely hardened steels described 
in Tables IV-XIII were tempered at temperatures 
well below 550° C, and it may therefore be suggested 
that their inferior toughness was due to temper 
brittleness. To examine this possibility, a number of 
the heat-treatments were repeated, cooling the blanks 
slowly after the tempering operation instead of 
quenching them in oil. The results are given in Table 
XIV. The blanks were tempered to a tensile strength 
of 60-65 tons/in? and cooled to room temperature 
in a furnace at an average rate of 1-2° C/min, 
measured over the temperature range from 600° to 
400° C. 

The fully hardened low-phosphorus steels were un- 
changed by slow cooling from the tempering tempera- 
ture. The corresponding isothermally transformed 
steels were, if anything, improved (though in the case 
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of the 0-15% molybdenum steel this improvement is 
due to an increase of tempering temperature). The 
fully hardened high-phosphorus steels proved to be 
susceptible to temper brittleness, but since their 
tempering temperatures were in every case above 
600° C, this can have had nothing to do with the 
inferiority of their impact values when oil-quenched 
from the tempering temperature. The isothermally 
transformed high-phosphorus steels also deteriorated 
on being slowly cooled. Their deterioration was less 
than that of the corresponding fully hardened steels, 
and consequently some part of their brittleness when 
quenched from the tempering temperature may have 
been due to temper brittleness setting in at the 
tempering temperature. Tests were also made on 
steels tempered to 55 tons/in?, and showed that 
at this strength the general situation was unaltered. 
These results are not reproduced. 

It may be noted that in the specimens that were 
cooled slowly after tempering, the full impact values 
required for a tensile strength of 60 tons/in® were 
attained in all low-phosphorus steels that had been 
completely transformed at 370°C. This was not 
always attained in the same steels when quenched 
from the tempering temperature, and it was quite 
impossible in the high-phosphorus steels. 

In connection with the temper brittleness of these 
steels, reference should be made to the very full study 
made by Baeyertz, Craig, and Sheehan‘ of the influence 
of the rate of cooling after tempering on the impact 
values of manganese—-molybdenum steels containing 
phosphorus. 
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DISCUSSION 

The comparisons reported in this paper were all 
made between steels heat-treated to approximately 
the same tensile strength, and this involved varying 
the tempering temperature. There was a strong 
correlation between the impact transition temperature 
observed and the tempering temperature. This is 
brought out by the data plotted in Fig. 4, which 
includes all the specimens that had been quenched 
from the tempering temperature and had either no 
phosphorus addition, or an addition of 0:06%. The 
points fall clearly into two bands, according to the 
phosphorus contents, and these bands appear to 
diverge increasingly as the tempering temperature 
falls. 

The essential difference between phosphorus-free 
and high-phosphorus steels appears to be that the 
former are more tolerant of low tempering tempera- 
tures, and consequently if they do not acquire a 
sufficient degree of hardness during the quenching 
operation, the deficiency can be corrected by cautiously 
lowering the tempering temperature. If an impact 
transition temperature of 0°C may be considered 
as roughly corresponding to an adequate performance 
in the notched-bar impact test at room temperature, 
it is seen that a phosphorus-rich steel can rarely be 
allowed to be tempered below 600° C and should for 
security be tempered above 640° C, whereas a steel 
free from phosphorus can generally be tempered at 
560°C, and may in favourable cases tolerate a 
tempering temperature as low as 450°C. These 
remarks apply to steels that have generally been heat- 
treated to 50-70 tons/in*, and it is relevant to note 
that for steels of this class British Standards usually 
specify a minimum tempering temperature of 550° C. 

Much microscopic work has been undertaken in an 
endeavour to find a reason for the influence of phos- 
phorus on the transition temperature, but the con- 


clusions can best be expressed in a series of negatives. 
With the optical microscope no significant differences 
are found between phosphorus-free and phosphorus- 
containing steels, either as quenched, as isothermally 
transformed, or after tempering. The characteristic 
differences between tempered martensite and tem- 
pered bainite were recognized. In order to distinguish 
clearly the shapes and distribution of the carbide 
particles with the electron microscope a metallic 
replica technique was used based on a combination 
of the gold—palladium metal replicas developed by 
Smith® and the boron oxide stripping-layer technique 
by Kaye.’ It was not difficult to find either steels of 
different structure with equal transition temperatures 
(Figs. 6 and 7) or steels with different transition tem- 
peratures and similar structures (Figs. 8 and 9); no 
consistent relation between the carbide distribution 
and the transition temperature could be established. 
No characteristic feature attributable to the presence 
of phosphorus could be found. The ferrite grain size 
of the isothermally transformed steels was generally 
larger than that of the fully hardened steels, and this 
might be thought to account to some extent for the 
higher transition temperatures of these steels. 

Counts of the number and area of the carbide 
particles led to the conclusion that in the range of 
tempering temperature generally employed substan- 
tially the whole of the carbide must be precipitated 
from solid solution, and this was confirmed by weigh- 
ing the carbide particles separated from the steels by 
chemical solution of the ferrite. In steels of equal 
tensile strength but different phosphorus or molyb- 
denum content, the carbide particles were finer the 
lower the tempering temperature. This suggests that 
the view that in steels of this kind the strength is 
controlled solely by the carbide distribution is not 
entirely true; but that since a coarser distribution of 
carbide must be accompanied by a decreased resistance 
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Fig. 4—Impact transition temperatures plotted against tempering temperatures for all tensile levels 
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Fig. 5a—Fully transformed in the martensitic range 


< 500 


Fig. 5b—Half transformed in the intermediate range 


< 500 


Fig. 5c—Fully transformed in the intermediate range 
« 500 








to plastic deformation, part of the strength of the 
coarser aggregates must be due to phosphorus or 
molybdenum in solid solution. Lowering the temper- 
ing temperature increases the fineness of the carbide 
particles and consequently increases the yield stress 
of the aggregate, but it would not be expected to 
affect the fracture stress of the ferrite. This is probably 
the reason for the general raising of impact transition 
temperature that accompanies lowering of the temper- 
ing temperature. In the absence of any marked effect 
of phosphorus upon the microstructure, the simplest 
explanation of its effect on the transition temperature 
is that phosphorus in solid solution in ferrite exerts 
an unfavourable influence on the relation between the 
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fracture stress and the yield stress of this constituent , 
which is for some reason more marked when the 
tempering temperature is low. In this connection, 
however, it should be noted that when the steels were 
made relatively brittle by cooling to —253°C, no 
effect of phosphorus upon the fracture stress was 
found. 

Many of the observations can be accounted for by 
assuming that molybdenum in solid solution in ferrite 
exerts a favourable effect on the yield-stress/fracture- 
stress relation, but this assumption will not explain 
why molybdenum has no effect on the impact transi- 
tion temperature of fully hardened phosphorus-free 
steel. The complete understanding of these matters 
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must await a fuller knowledge of the influence of 
phosphorus upon ferrite, and experiments on this 
subject are to be undertaken. 


CONCLUSIONS 


(1) The addition of phosphorus to a medium-carbon 
13% manganese-molybdenum steel raises its impact 
transition temperature in the fully hardened and 
tempered condition, and also in the incompletely 
hardened and tempered condition. 


(2) The raising of the impact transition temperature 
is in each case roughly proportional to the amount 
of phosphorus added, but the impact transition 
temperatures of the incompletely hardened steels are, 
after tempering to equal tensile strength, consistently 
and considerably higher than those of the fully 
hardened steels. 


(3) The addition of molybdenum lowers the impact 
transition temperature of phosphorus-rich steels, 
whether fully hardened or incompletely hardened 
before tempering, and of phosphorus-free steels that 
have not been completely hardened before tempering, 
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but it has no effect on the impact transition tempera- 
ture of fully hardened steel free from phosphorus. 


(4) The phosphorus-free steels are not susceptible 
to temper brittleness, but those to which phosphorus 
has been added are appreciably susceptible. 


(5) The variations of impact transition temperature 
of steels of equal tensile strength appear to have no 
effect on the fatigue strength of either plain or 
notched bars. Low impact transition temperature is 
associated with a fall of elongation and reduction in 
area at —196° C, but not with a fall of fracture stress 
at —253°C. The variations of impact transition 
temperature associated with phosphorus additions are 
not associated with any systematic changes of the 
carbide distribution in the steels, as observed with 
the electron microscope. 
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Letters to the Editor 


Chromic-Acid-Acetic-Anhydride ‘ Explosion ” 


A SOLUTION prepared from chromium trioxide and 
acetic anhydride has been recommended for use in the 
electrolytic polishing of metals but, in some instances, 
without adequate warning of the hazard involved. 

In these laboratories an accident recently occurred 
while such a solution was being prepared. The circum- 
stances were as follows: 100 g of chromium trioxide 
were dissolved in 200 ml of water, the solution was 
cooled to room temperature (about 20° C), and 700 ml 


of acetic anhydride were added in a very slow stream: 


(just faster than drop by drop) with constant stirring. 
During the course of this addition a slight rise in tem- 
perature occurred, the beaker containing the solution 
becoming warm to the touch. 

Having completed the addition of the acetic anhy- 
dride, the operator left the beaker containing the solu- 
tion on the bench and moved a short distance away. 
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Within about + min the solution erupted from the 
beaker with sufficient violence to reach a ceiling 16 ft 
above the beaker, and to fill the room with fine spray. 
The operator suffered superficial acid burns on the face. 

Since this mishap occurred references to other acci- 
dents resulting from the mixing of chromium trioxide 
with acetic anhydride have come to our notice, but 
these references would probably not normally be seen 
by metallurgists or metal finishers who might be in- 
terested in using this type of electrolyte. 


A. E. DAWKINS 
Chief Superintendent 


Defence Standards Laboratories, 
Department of Supply, 
Victoria, Australia 10th January, 1956. 
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An Effect of Hydrogen on the Hardness of Mild Steel 


RECENT WORK by Seabrook et al.! has indicated that 
the maximum embrittlement of a steel (SAE 1020) 
occurs at a critical strain rate, and at this rate of testing 
the slope of the work-hardening part of the stress 
strain curve is greater in the presence of hydrogen than 
under normal conditions. This increase of work-harden- 
ing should be accompanied by an increase in hardness but, 
using conventional methods of hardness testing, no such 
increase has been found. De Kazinezy? has stated that, 
as no increase in hardness has been found, hydrogen 
cannot affect slip. Certainly, conventional hardness 
tests carried out using a Vickers instrument do not reveal 
a change of hardness, and the authors considered that 
this was due to the rate of indentation into the specimen 
being too great. A Kentron micro-hardness instrument 
containing an adjustable oil dashpot, enabling a wide 
variation of loading rates to be obtained, was therefore 
used in an attempt to establish a change of hardness due 
to hydrogen with slow indentation rates. 


Experimental Technique 
The mild steel used for all the tests was of the follow- 
ing composition: 
C, % Si,% Mn, % 8, % P,% Ni,% Cr, % 
0-17 0-09 0-49 0-023 0-023 0-05 0-05 
Specimens were cut to approximately 0-5 in. square 


and 0-25 in. thick, and one side was carefully polished. 
The specimens were then cathodically charged with 


hydrogen in a 10% H,SO, solution, to which a trace of 


arsenious oxide had been added. In the initial tests, 
a current density of 0-2 A/in? of surface was used and 
charging maintained for 1 h. After charging, a measure 
of the diffusible hydrogen content and the rate of loss 
with time was made by collecting the gas in a burette 
from the specimen submerged under liquid paraffin. 
Hardness tests were carried out at room temperature 
immediately after charging, using the following tech- 
nique. 

A ball indenter of 1 mm dia. was used in conjunction 
with a load of 10 kg. The oil dashpot device in the hard- 
ness tester was adjusted so that the time taken to form 
the indentation was 60 s, the total load being subse- 
quently applied for a further 15s. Hardness tests were 
also carried out after intervals of time, until all the diffus- 
ible hydrogen had diffused from the specimen. 


Results 


The results obtained for conventional type tests and 
for those obtained using the slow-load technique were: 


Method Diameter of Load, B.H.N. of As- B.H.N. of Hy- 
of Test Ball Indenter, mm kg received Steel drogen-charged 
Steel 


Range Av. Range Av. 


Normal 2 120 116-118117 115-119117 
Slow Load | 10 108-111110 123-130 127 
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The results of the hardness tests carried out at inter- 
vals of time after charging are shown as a curve in Fig. 1. 
The decrease in the amount of diffusible hydrogen over 
this time is also plotted on this graph. 
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Fig. 1 Decrease in hardness and loss of hydrogen with 
time 


Discussion 

An increase in hardness of 17 B.H.N. has been mea- 
sured on mild steel in the presence of diffusible hydrogen. 
This hardness compares favourably with the increase in 
the slope of the work-hardening part of the stress/strain 
curve observed in the normal strain-rate tensile test of 
a hydrogen-charged mild-steel specimen, and has pre- 
viously been discussed by Seabrook et al. 

That the hardness increase is a function of diffusible 
hydrogen seems evident from the return of the steel 
to normal hardness values as the hydrogen diffuses out. 
If higher current densities are used, severe surface 
blistering can occur and produce permanent surface cold- 
work, thus disguising the true nature of the behaviour 
of hydrogen. 

This note arises out of work carried out at the British 
Welding Research Association on the embrittlement of 
mild steel by hydrogen, believed by the authors to be 
due to the influence of diffusible hydrogen on disloca- 
tion movement, and confirmation of the hardness 
increase appears to bear this out. It is thought that the 
method of testing outlined may be of value in investigat- 
ing other strain-ageing phenomena, if suitable modifica- 
tion to the loading rate and testing temperature is made 
to conform to the diffusion rates of the solute elements 
under consideration. 


H. G. VAUGHAN 
M. E. pE Morton 
British Welding Research Association, 
29 Park Crescent, 
London, W.1 
1. J. B. SEABROOK, N. J. GRANT, and D. CARNEY: T'rans. Amer. Inst. Min. 


Met. Eng., 1950, vol. 188, pp. 1317-1320; J. Met., 1950, Nov. 
2. F. DE Kazinczy: J. Iron Steel Inst., 1954, vol, 177, pp. 85-92. 
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MEETING OF JUNIOR ENGINEERS, 1955 


A MEETING oF JUNIOR ENGINEERS was held in London on Monday to Thursday, 26th 
to 29th September, 1955, beginning with two technical sessions held at the Offices of 
the Institute, 4 Grosvenor Gardens, S.W.1, on the afternoon of Monday, 26th Sep- 
tember. In the absence of Mr. W. M. Larke, Chairman of the Iron and Steel Engineers 
Group, the Chair was taken by the Hon. R. G. Lytre.ron, Past-President of the 
Institute. 

At the first technical session, at 3.30 P.M., following a welcome by the Chairman, 
a lecture on “ The Corby Works of Stewarts and Lloyds Ltd.” was given by Mr. 
J. DANIEL and Mr. D. Brirp. 

At the second session a paper by Mr. F. Starkey (Buckley and Taylor, Ltd.) 

entitled “‘ Guides and Strippers for Rod and Bar Mills ~ was presented and discussed. 
A report of the discussion is given below. 
_ On Tuesday there was an all-day visit to the Ford Motor Company, Ltd., at Dagen- 
ham, followed by a dinner at the Rembrandt Hotel, at which the speaker was Sir 
Ian Orr-Ewinc, M.P. On Wednesday there was a second all-day visit, this time to 
the works of Stewarts and Lloyds Ltd. at Corby. 

The meeting closed on Thursday, 29th September, with a lecture by Mr. SvEN 
FoRNANDER, Director of Research of Jernkontoret, on ““The Swedish Iron and Steel 


IRON AND STEELWORKS 
ENGINEERING 


The Iron and Steel Engineers Group 





Industry.” 


Discussion on the Paper— 


GUIDES AND STRIPPERS FOR MODERN ROD AND BAR MILLS* 


Mr. F. Starkey (Buckley and Taylor Ltd.) presented his 
paper. 

Mr. R. Green (United Steel Companies Ltd.): Of general 
interest is the author’s discussion of the difference 
between a stable and an unstable pass. He calls a square 
entering an oval pass a stable reduction. It is stable if the 
square is a good one, but how often can a good square 
be relied on? Rollers prefer an angle slightly greater 
than 90°, and there is the question of filling the pass. 
Usually there is no time for a second squaring pass before 
the oval, and this leads to a badly shaped oval. Should 
not that type of pass be considered unstable, and be 
provided with a guide to hold up the square into the 
oval? 
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By F. STARKEY 


The author's suggestion (p. 65) that suitably designed 
roller strippers could be applied to the guiding of steel 
bars to correct against twisting, giving a really straight 
bar, is rather dangerous. The guide should be used to 
guide the stock and not to correct defects put in by the 
mill. The guide is very fragile compared with the mill 
itself, and the more work it is asked to do, the shorter 
its life will be. 

With hooked tail ends it is necessary to have a wide 
bell-mouth to straighten these out. But should the guide 
be used for this purpose? It is better practice to use a 





* J. Iron Steel Inst., 1955, vol. 179, Jan., pp. 58-75. 
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type of repeater design which will minimize the formation 
of hooked ends. With the normal repeater a simple 
trough guides the front end of the stock into the next 
stand. The stand speeds are such that the loop grows 
and jumps out of the trough, to lie unsupported on the 
mill floor. It is possible, however, to have a series of 
guide troughs, more or less of the same radius of curva- 
ture, but getting further and further away from the pair 
of stands, such that the loop jumps out of one and ex- 
pands into the other; thus it is always supported and the 
back end is also guided round, with less likelihood of a 
hooked tail. Such troughs are termed ‘ whip troughs ’ 
and are often used for loop speeds of 1500 ft/min or more. 

It is interesting to hear the author’s comments on 
loose strippers. The angles of inclination of these stripper 
guides vary a good deal on the fairly slow speed mills 
in which the two roll diameters are unequal; here the 
stock is bent down as it leaves the stand, and the stripper 
is canted at an angle as it leaves the stand to take out 
the bend put in by the roll. If the back end is at the 
correct level a straight bar results, but there is a variety 
of angles at which these guides can be tilted. Can the 
author recommend an angle for a given stock? Does it 
depend on speed? This practice cannot be used in high- 
speed mills because the different roll speeds tend to 
spoil the surface. At what rolling speed is it definitely 
necessary to change from unequal to equal roll diameters? 

The roller guide is a precision instrument, a fact that 
must be impressed upon operatives and management. 
It is important to have plenty of spares. Not all con- 
versions to roller guides have been successful, and those 
who speak against roller guides have probably used 
them without realizing that they are a precision instru- 
ment and without having enough spares, 
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Experience with Stellite varies. It is subject to spalling 
when not applied correctly and it is very expensive, and 
I feel that few people have mastered the art of Stelliting. 

Considering the distance between the guide rollers and 
the roll bite, the author’s exhibit of the new guide design 
(Fig. A) is very interesting. What lubrication difficulties 
has the author had on the small bearings at the front and 
what life does he expect from them? A similar guide is a 
Swedish type, one of the first to feed the stock right 
into the roll bite. It has only one pair of rollers, and they 
are larger than those used by the author. This pair of 
rollers has to take the full load and the bearings must have 
a relatively short life. Shock loading is minimized by 
mounting the rollers on a pair of spring plates which are 
housed in the box itself, and which give by a slight amount 
as the stock enters. 

Mr. Starkey: I agree that the type of square-oval 
reduction described by Mr. Green should be considered 
unstable, and should be closely controlled by the entry 
guide if the lack of symmetry of the section was such 
that it would seriously affect the quality of the finished 
product. 

The use of roller strippers was suggested primarily 
to avoid scratching the surface of the product, and the 
example illustrated in Fig. 5c has been very successful in 
this direction whilst completely eliminating twist in the 
section. Whilst one would agree that generally the guide 
equipment should not be required to correct defects 
originating from mis-setting of the mill, it is often imprac- 
tical to eliminate these faults at their source. For in- 
stance, in the case of mills using plain bearing chocks, 
unequal wear of the bearings causes misalignment of 
the rolls, and imparts twist to the section. Whilst this 
twist is not normally large enough to prove embarrassing, 
in the example quoted there is little choice except to 
use the strippers to eliminate the twist. 

The prime purpose of the bell-mouth of an entry 
guide is to deliver the nose of the bar to the pass. The 
ability to straighten out hooked tail-ends is more a 
function of the shape of the trumpet form of the guide. 
Hooked ends can be formed in a straightaway continuous 
mill. When rolling free from tension, quite a deep 
catenary is formed between the rolls unless the mills 
are accurately speed-matched. When the tail of the 
bar leaves the strippers it tends to fall, and is immediately 
pulled up into the following mill guides, giving a whip- 
lash effect at high speeds and forming hooked tails. 
Although this can be virtually eliminated by careful 
speed trimming, the danger will arise fairly frequently 
after hole or section change, when the mill speeds will 
need re-trimming. In my opinion all entry guides should 
be able to straighten distorted tail ends which are 
certain to be formed occasionally. 

I would suggest that the reason for inclining the single 
bottom strippers on slow hand mills is to obtain a thicker 
and therefore stronger nose, and that the angle of inclina- 
tion will vary considerably, increasing as the stripper 
nose is redressed. 

Considering the amount of slip which occurs between 
the bar and pass, one wonders if the use of unequal roll 
diameters has the detrimental effect upon the surface of 
the pass or bar as Mr. Green would seem to suggest. 
To my knowledge unequal roll diameters have been 
employed at speeds up to 3000 ft/min, but I would 
suggest that equal roll diameters, by tending to produce 
a straight bar, relieve the strippers (particularly the 
bottom blade) of a great deal of work and should not 
only give longer guide life but also avoid some danger of 
scratching the bar. 

I fully agree that the roller guide is a precision instru- 
ment, especially when compared with static guide 
equipment. However, though I would encourage anyone 
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Fig. B—Roughing-mill stripper tray 


contemplating their use for the first time to approach 
them in this manner, it should be pointed out that with 
the necessary (and comparatively inexpensive) setting 
fixtures and a planned guide shop programme, their 
maintenance quickly becomes simple routine. 

No production figures are available for the new type of 
guide (Fig. A) which has only just gone into production. 
No lubrication difficulties are anticipated since the 
method of sealing the roller has been proved very efficient, 
and previous models have been in service for over two 
years without failures either through lack of lubricant or 
ingress of mill scale and water. From past experience 
it is anticipated that a lubrication frequency of once or 
twice per shift should prove adequate, and this would be 
carried out at roll or programme change. 

A reasonable life is anticipated for the bearings of the 
small nose rollers, and they are considerably larger than 
others which have been used for comparable applica- 
tions. The use of a double-row ball-bearing should 
eliminate any danger of misalignment during assembly, 
and they are protected against overload by the first pair 
of heavier rollers. The guide retains the advantages of 
a rigid guide assembly, and has been designed to accom- 
modate a range of small ovals down to a minimum size 
of 6 s.w.g. gauge leading oval. 

On the subject of Stellited roller guides, I can only 
repeat that they have been very successful. The produc- 
tion figures quoted in the paper are a conservative 
estimate, and the performances generally so high that it 
is difficult to obtain an accurate assessment. However, 
in an attempt to acquire some conclusive information, 
one box was set aside for use on 3-in. dia. rod. The rollers 
remained undressed for nearly two years, though the 
assembly was regularly overhauled and new bearings 
were fitted as required. In this time the guide handled 
slightly over 10,000 tons of 3-in. leading oval, with a 
total wear of approximately 0-015 in. on the Stellited 
form. When it is realized that 1 ton of this section is 
almost 1 mile long, it will be agreed that this is a phe- 
nomenal performance. I would encourage prospective 
users to persevere and master the method of applying 
the deposit in order to take full advantage of this material. 
In conelusion I would add that experiments are now 
taking place on the re-Stelliting of rollers after use. 


Mr. F. W. G. Castle (Park Gate Iron and Steel Co., 
Ltd.): The guide equipment in our 11-in. continuous 
bar mill, supplied by Mr. Starkey’s Company, is very 
satisfactory. The guide equipment is lubricated during 
roll changes, hole changes, and unavoidable delays. 

There are one or two items in the paper which are 
open to criticism. Figure 2 shows the open-trough guide 
delivering the billet to the continuous roughing train, 
with the guide held down by two T-bolts with cotters. 
The tendency here, especially with a bent billet, is for 
the box to work loose. It would not be wise to fasten it 
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Fig. C—-O/A deposit of Grade 12 Stellite on 0-4% C steel 


so rigidly that it would damage the guide tray, but there 
would be a slight improvement if modifications could be 
made. 

Figure 3 shows an intermediate mill static entry guide. 
In one or two cases we have put a bell mouth on to this 
guide. 

Figure 4a is a cross-section of the roughing mill 
entry guide. From the user’s point of view it would be 
an advantage to have wearing pads in the nose end, 
because it is expensive to renew the total guide. 

Figure 6 shows the guide support tray, which we 
have re-designed as shown in Fig. B; this has proved 
very satisfactory. On the question of roller guides, 
there is in the design a taper wedge for adjustment, but we 
do not use it; the guides are adjusted by means of liners. 
The end of the adjusting screw tends to rust and is 
difficult to adjust either way. 

Strippers seem to be a source of trouble in continuous 
rolling mills, since it is necessary for the bar to come 
through without being scratched; we have therefore 
had to open the round strippers to avoid this. 


Mr. Starkey: I am indebted to Mr. Castle for his 
comments upon the guide equipment in use in his 
Company’s bar mill. This type of practical information 
obtained from experience on the mill floor is invaluable 
to the guide-designer and helps to perfect the design 
of the guide-equipment. Many of Mr. Castle’s suggestions 
have already been incorporated in later designs. 

On the subject of the wedge height adjustment to the 
roller guide box, I must point out that when the boxes 
were designed a much more conservative estimate was 
made of the life of the Stellited roller form, and it was 
anticipated that it would prove necessary to change 
guide boxes frequently during a long rolling programme. 
It was decided to provide height adjustment to the boxes 


to ensure that, during a guide change, the guide set to 
a constant height to pass line would only require to be 
adjusted along the guide beam and would save a great 
deal of time, by not having to find the correct height 
setting of the guide beam. In practice this has proved 
unnecessary since the life of the roller form is such that 
the box hardly ever needs replacing during a programme. 

The setting of strippers on a high-speed mill requires 
a good deal of experience on the part of the operator to 
obtain the nicety of adjustment to retain control and 
yet minimize resistance to the passage of the bar. 
In the straightaway mill, rolling with excessive inter- 
stand loops greatly increases scratching from heavy 
contact at the exit end of the strippers. 


CORRESPONDENCE 

Mr. M. Riddihough (Deloro Stellite Ltd.) wrote: 
Mr. Starkey’s paper indicates certain advantages of guide 
rolls faced with Stellite and I should like to point out 
that whilst the deposition of this alloy with the oxy- 
acetylene torch is a technique which differs somewhat 
from fusion welding, the process is readily learned by an 
operator either from demonstration or at the suppliers’ 
hardfacing school. 

The term ‘ braze-welding’ is used to describe the 
technique because the steel base metal is not melted in 
the normal sense of the word. An excess of acetylene in 
the torch flame provides sufficient carbon to lower the 
melting point of the steel surface for a depth of a few 
thousandths of an inch, giving a visual effect well des- 
cribed as ‘ sweating.’ When the Stellite is melted on to 
this surface, the thin molten layer is mixed with the 
alloy so that the final junction is between the alloy and 
the steel shown in Fig. C. When the process is correctly 
carried out, the bond is as strong as the deposited alloy. 
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Richard Elsdon 


The death occurred on 2lst 
February, 1956, at the age of 
69, of Mr. Richard Elsdon, 
Librarian of The Iron and Steel 
Institute for 43 years. 

Mr. Elsdon was born in London 
in February, 1887, and was 
educated at the St. Stephens 
Higher Grade School and at the 
Technical Institute, Westminster. 
He joined the staff of the Institute 
in 1904, when Mr. Bennett H. 
Brough was Secretary, and was 
promoted to Library Assistant 
in 1907. In the following year, 
1908, he was appointed Librarian, 
a position which he held until 
his retirement on 31st December, 
1951. 

During the long period of his 
association with the Library Mr. 
Elsdon initiated many improve- 
ments in the services rendered to 
Members and to the industries 
with which they are connected. 
An early innovation, sanctioned 
by the Council in 1914, was the 
arrangement for lending volumes 
to Members. Succeeding Annual 
Reports show that this was much appreciated and that 
the number of loans grew year by year. During the 
first year 100 books were borrowed; at the time of his 
retirement Mr. Elsdon’s Department was meeting requests 
for the loan of over 12,000 books and periodicals per 
annum. In the same period, the number of volumes in 
. his charge grew from about 2000 to a total of over 30,000. 

Another of his improvements in Library services was 
to handle the steadily mounting volume of technical 
enquiries by setting up an Enquiry Bureau. This was 
reconstituted as the Information Department in 1935 
and now answers annually a large number of enquiries 
about scientific and technical literature. 

Mr. Elsdon served for many years as an abstractor for 
the Journal. The Abstracting Service is a major activity 
of the Information Department and, especially in the 
early days, it owed much to Mr. Elsdon’s enthusiasm 
and efficiency. The series of translations of papers from 
foreign journals was begun in 1936 as a further service to 
Members, and over 500 have now been issued. These 
are prepared at the request of Members; they supplement 
the Abstracts by making available in English papers 
published in other languages. 

Mr. Elsdon was responsible for initiating the series 
of Bibliographies on special subjects, many of which he 
compiled himself. He also compiled many of the Indexes 
of the Journal and since his retirement had been engaged 
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on the preparation of the Com- 
prehensive Index of all Institute 
publications for the years 1932 
to 1950. Two of the three 
volumes were completed before 
his death. 

The libraries of The Iron and 
Steel Institute and The Institute 
of Metals were joined when the 
offices were moved to No. 4 
Grosvenor Gardens, Westminster, 
in July, 1938. Mr. Elsdon was 
then appointed Librarian of the 
Joint Library. 

During his career Mr. Elsdon 
gave much attention to building 
close relations with the principal 
British and foreign technical 
libraries. The objects which he 
had constantly in mind and which 
he successfully attained were to 
produce the best possible service 
at the lowest possible cost to 
Members and to ensure that the 
Joint Library should become 
recognized as the authoritative 
source of information on all 
aspects of ferrous and non- 
ferrous metallurgy. 

When the British Iron Trades Association ceased to 
function in 1915 the work of collecting statistics of the 
iron trade was undertaken by the Iron, Steel and Allied 
Trades Federation. Mr. Elsdon was asked to compile 
several statistical reports under the supervision of Mr. 
George C. Lloyd, then Secretary of the Institute, who 
acted as Statistical Secretary to the Federation. This 
work was afterwards taken over by the National Federa- 
tion of Iron and Steel Manufacturers, now the British 
Iron and Steel Federation. 

Mr. Elsdon was also for many years responsible for 
organizing the Annual Dinner and the Autumn Meetings 
of the Institute. 

During the First World War Mr. Elsdon served in the 
Essex Regiment and the Royal Inniskilling Fusiliers. 
He was seriously wounded at Langemarck, during the 
Third Battle of Ypres, in August, 1917. During the last 
War he was in the Home Guard. 

On Mr. Elsdon’s retirement at the end of the year 
1951, the Council recorded their appreciation and thanks 
for his loyal service to the Institute and for his life- 
long and devoted work in building up the Library. 
He was elected an Honorary Member of the Institute 
in the following year. A portrait, by H. Andrew Freeth, 
A.R.A., hangs in the Reading Room. 

Mr. Elsdon was married and had one daughter, 
Mrs. Collins. There is a grandson, Ian. 
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Edgar C. Evans, B.Sc., F.R.1L.C., F.Inst.F. 


Sir William Larke, k.B.E., has written the following 
appreciation of the late Mr. Edgar C. Evans, whose 
death was briefly reported in the February issue of the 
Journal. 


*‘T am very grateful for a suggestion by the Secretary 
of the Institute which provides me with an opportunity 
of paying a personal tribute to my old friend and col- 
league, Edgar C. Evans. 


In 1924 Mr. M. Mannaberg, then Managing Director of 


The Frodingham Iron and Steel Co., reported that the 
German steel industry had set up a co-operative research 
organization for fuel economy (Wdrmestelle) and suggested 
that the British Iron and Steel Federation should do the 
same—Mr. Mannaberg had come to the Glasgow Iron 
and Steel Co. at the age of 23 to introduce the Thomas 
basic process and had maintained close contact with 
Continental practice and progress. The necessity for 
this measure up to that time had not been so obvious to 
the British industry, as coal was then cheap and plentiful. 

It was agreed to set up a Committee on fuel economy, 
with Mr. Mannaberg as Chairman, and to appoint a 
Technical Secretary. Evans, a chemist who had special- 
ized in coal and its derivatives, especially coke and its 
combustion properties, was appointed. The industry 
was not particularly enthusiastic and this was not al- 
together unnatural. All the major processes of iron and 
steel production had been discovered and developed in 
the works of this country on a production scale, every 
works taking advantage of its own discoveries to increase 
its competitive power. As a policy this seemed to have 
served them well on the then scale of production both at 
ndividual works and nationally. The managements 
did not see the need for co-operation in matters of tech- 
nical efficiency which seemed to destroy part of their 
competitive power between themselves. 

It was into this atmosphere that Evans was projected 
to promote the requisite co-operation and thus to fulfil his 
mission. He started visiting the works and, while his 
personal reception was courteous, he was often asked if 
he thought he could teach them their business. To this 
he always replied *‘ On the contrary, I have come in the 
hope that you will teach me mine. If I can understand 
what you are doing and what you would like to do I may 
be able, with the help of my Committee, to make some 
contribution.” His placid temperament, modest demean- 
our, keen sense of humour, and quick mind soon won for 
him general acceptance as aman. After some six months, 
during which he had the advantage of studying the 
problems in various works, he was able to make tentative 
suggestions. As these proved useful they soon gained for 
him general acceptance as a useful technical opinion. 
His personal campaign stimulated such interest in fuel 
economy that, mainly as a result of measures taken by 
the works themselves, coal consumption per ton of 
finished steel has now been reduced from 43 tons to 
less than 2 tons. 

After the first year the Fuel Economy Committee 
obtained a mandate from the Federation to extend their 
interest to any scientific or technical problem concerned 
with production and thus became a Research Committee 
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for the industry on a co-operative basis. This showed a 
broadminded approach on the part of individual com- 
panies. Some of the strongest supporters of this extension 
were those who had well established and equipped re- 
search departments of their own. After about two years 
the Research Committee was enlarged and became The 
Iron and Steel Industrial Research Council, Evans having 
been appointed Technical Officer. In this capacity he had 
the responsibility and functions of Director of Research, 
a striking testimony to his scientific, technical, and, 
perhaps above all, his personal qualities. 

The Iron and Steel Institute co-operated in this work 
over a period of 20 years through the Ingots Committee 
and the other Joint Research Committees which were 
serviced by the Institute and responsible to the Research 
Council. The members of the Research Council were 
appointed half by the Federation and half by the Insti- 
tute. 

The expenditure on the Fuel Economy Committee 
for the first year was £1700. When its mandate was 
extended to general research, additional finance was 
provided by the Federation as activities increased. This, 
together with the generous support of the Department of 
Scientific and Industrial Research, resulted in expendi- 
ture reaching £80,000 per annum. When in 1946 the 
British Iron and Steel Research Association took over 
the Iron and Steel Industrial Research Council, its 
liabilities and assets, there was a liquid reserve of 
£142,000. Under this reorganization provision was 
made from Federation funds of £250,000 per annum. 
This has since been increased so that, together with the 
contribution from D.S.I.R., B.I.8.R.A. is provided with 
an income of some £600,000 per annum. 

vans had quickly realized that improvement in 
efficiency of production and quality of the product in the 
iron and steel industry was dependent on the quality of 
the materials supplied from outside sources. He estab- 
lished collaboration with the industries concerned, in 
many cases establishing joint research bodies with them, 
the Iron and Steel Industrial Research Council assisting 
in finance and being represented on the directing com- 
mittee. In this way Coke Research Councils were estab- 
lished in different coal districts with the coal and coke 
interests concerned. Joint research was also instituted 
with the Refractories Research Association. At one 
period the I.8.I.R.C. was collaborating with some 16 
different research associations. Evans was a founder of 
the Institute of Fuel and its Joint Honorary Secretary 
during its foundation years. He was also founder and 
the Chairman of the Coal Club at the time of his death. 

How much a pioneer contributes to the ultimate 
development of his work may be indeterminate, but such 
a development is a monument to the success of his efforts 
and thus to Evans’s work. 

Evans was proud of his Welsh origin, and the Celtic 
temperament sometimes found exuberant expression in 
speech, but in 20 years of almost daily association with 
him I do not remember it ever betraying his judgment. 
With his passing I and many others have lost a loyal 
colleague and a generous friend whose intellectual 
integrity was outstanding.” 
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IRON AND STEEL INSTITUTE 
Annual General Meeting, 1956 
The programme of the Eighty-seventh Annual General 
Meeting of the Institute, and the Bessemer Centenary 
celebrations is as follows: 


Tuesday, 15th May, 1956 


6.30 for 6.45 p.m. to 7.45 p.mM.—Bessemer Centenary 
Lecture by Mr. James Mitchell, 0.B.z., at the Royal 
Institution, Albemarle Street, London, W.1. (Dress: 
Evening dress or Lounge suit.) 


Wednesday, 16th May, 1956 


9.45 A.M.1.0 p.m.—Morning Session at The Royal 
Institution, Albemarle Street, London, W.1. 

9.15-10.30 a.m.—Formal business: 

Presentation of the Report of Council and State- 
ment of Accounts for 1955. 

Presentation of Medals and Prizes. 

Announcements; Election of Members. 

10.30-11.30 a.m.—Induction of new President, Dr. 
H. H. Burton, C.B.£. 

Presidential Address. 

11.30-11.45 a.m.—Interval. 

11.45 a.m.—1.0 p.m.—Ninth Hatfield Memorial Lecture 
on “ The Fracture of Metals,” by Professor N. F. 
Mott, F.R.S. 

Note: Coaches will be available at the Institution at 

1.0 p.m. to carry Members to 4 Grosvenor Gardens. 

1.0-2.30 p.m.—Buffet Luncheon in the Joint Library at 
4 Grosvenor Gardens, London, S.W.1 (tickets 4s. 6d.). 

2.30-4.30 p.m.—Afternoon Session at the Offices of the 
Institute, 4 Grosvenor Gardens, London, 8.W.1. 

Presentation and discussion of the following papers: 

“ History and Practice of the Acid Bessemer 
Steelmaking Process in West Cumberland,” by 
F. B. Cawley and D. R. Wattleworth (June, 
1956). 

“Control in the Acid Bessemer Process,” by 
P. J. Leroy, J. G. Galey, and F. B. Cawley 
(June, 1956). 

Advance copies of these two papers will be sent to 
all those attending this session. 

A colour film entitled ‘* Steel Road ”’ will also be 
shown. It contains pictures of some of Sir Henry 
Bessemer’s inventions, some scenes from Work- 
ington, and views of the mines and works at 
Workington where the acid Bessemer process is 
carried out. 

7.0 for 7.30 p.m.—Members’ Dinner at Grosvenor House, 
Park Lane, London, W.1. (Dress: Evening dress; 
decorations will be worn.) 


Thursday, 17th May, 1956 


9.45 a.m.—4.45 p.m.—Morning and Afternoon Sessions 
at the Offices of the Institute, 4 Grosvenor Gardens, 


London, S.W.1. 
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9.45-11.0 A.m.—Presentation and joint discussion of : 

** Ingot Heat Conservation: Cooling of 15-ton Ingots 
between Teeming and Stripping,” by L. H. W. 
Savage and M. D. Ashton (February, 1955). 

“* Ingot Heat Conservation: The Cooling of Rimming- 
Steel Ingots between Teeming and Stripping,” 
by M. D. Ashton, R. F. Perkins, and L. H. W. 
Savage (December, 1955). 

11.0-11.15 a.m.—Interval: light refreshments will be 
served in the Library. 

11.15 a.m.—1.15 p.m.—Presentation and joint discussion 
of the following papers: 

“* The Effects of Gravity in the Solidification of Steel,” 
by B. Gray (April, 1956). 

“* Effect of Temperature and Pouring Speed on 
Ingot Structure,” by the Ingots Committee of 
B.IS.R.A. (February, 1955). 

1.15-2.15 p.m.—Buffet Luncheon in the Library (tickets 
4s. 6d. per person). 

2.15-3.45 p.m.—Presentation and joint discussion of the 
following papers: 

“ The Stress/Strain Curves of Some Metals and 
Alloys at Low Temperatures and High Rates of 
Strain,” by H. G. Baron (April, 1956). 

“Yield Behaviour of Metals at Low Temperatures 
with particular reference to some Carbon and Low- 
Alloy Steels,” by H. F. Hall and R. W. Nichols 
(August, 1955). 

“The Hardness of Some Carbon and Low-Alloy 
Steels at Low Temperatures,” by R. W. Nichols 
(April, 1956). 

“The Mechanical Properties of Carbon Steel Wire at 
Low Temperatures,” by R. W. Nichols (April, 1956). 

3.45-4.45 p.mM.—Presentation and joint discussion of the 
following papers: 

“ Effect of Phosphorus Content on the Impact Value 
of Fully and Partially Hardened and Tempered 
Mn-—Mo Steels,” by N. P. Allen and C. C. Earley 
(April, 1956). 

* A Study of the Impact Properties of Boron-Treated 
Steel,” by S. J. Rosenberg and J. D. Grimsley 
(March, 1956). 


Bessemer Centenary 


The Bessemer steelmaking process was first put into 
operation in 1856. There is no single date which can 
conveniently be indicated as the exact centenary. 
Patents were taken out in 1855 and others in 1856 and 
the following years as stages in the development of the 
tilting bottom-blown converter of modern shape, the 
prototype of which was not patented until Ist March, 
1860. An important date was 11th August, 1856, when 
Bessemer presented his paper ‘‘On the Manufacture 
of Malleable Iron and Steel without Fuel” to the meeting 


of the British Association for the Advancement of 


Science at Cheltenham. 
To commemorate the centenary of the first operation 
of the process, The Iron and Steel Institute has arranged 
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for the lecture and papers, listed above, to be presented 
at the Annual General Meeting. These, together with 
other material on Sir Henry Bessemer, will be published 
in the June issue of the Journal. 


Special Meeting in France 
A Special Meeting will be held in Paris from Tuesday, 
5th June, to Sunday, 10th June, 1956, to be followed by 
works’ visits. A circular giving the detailed arrangements 
has been issued. 


NEWS OF MEMBERS 


Dr. N. P. Allen, Superintendent of the Metallurgy 
Division of the National Physical Laboratory, has been 
elected a Fellow of the Royal Society. 

Mr. G. R. Bell has taken up an appointment as Metal- 
lurgist with Powder Metallurgy Ltd., London. 

Mr. J. E. Bowers has left the Department of Chemical 
Engineering of Cambridge University and has taken up 
an appointment with the British Non-ferrous Metals 
Research Association. 

Mr. §. H. Brooks has left the United Steel Companies’ 
Research and Development Department to take up an 
appointment as Fuel Engineer with the Appleby- 
Frodingham Steel Co., Scunthorpe. 

Sir John Craig, c.s.r., Past President of the Institute, 
has relinquished the Chairmanship of Smith and McLean 


Mr. R. J. P. Cribb has been awarded the degree of 
M.A. and has taken up an appointment with the U.K. 
Atomic Energy Authority, Windscale Works, Cumber- 
land. 

Mr. C. Dunger has resigned his position with De 
Havilland Propellers Ltd. and has taken up an ap- 
pointment with the British Electro Metallurgical Com- 
pany, Wincobank, Sheffield. 

Mr. H. H. England, formerly Manager, Rotherham 
melting shop, has been appointed Manager of the 
Templeborough melting shop of Steel, Peech and Tozer. 

Mr. W. Ernest has relinquished his post with the 
Research and Development Department of the United 
Steel Companies Ltd. to become Fuel Officer with Samuel 
Fox and Co., Ltd., Stocksbridge, near Sheffield. 

Mr. C. Fitzpatrick has been appointed Managing 
Director of J. 8. Lister Ltd., Dublin, Ireland. 

Mr. R. N. H. Gardner has taken up a position as Tech- 
nical Representative (Sales) with McKechnie Brothers 
Ltd., Edgbaston, Birmingham. 

Mr. H. J. G. Goyns has been appointed Director of 
E.F.C.O. (S8.A.) Ltd. and Manager of D. Drury and Co., 
Johannesburg. 

Mr. E. Gregory has left the Manganese Bronze and Brass 
Co., Ltd., Ipswich, to take up an appointment with the 
Sintercast Corporation of America, New York. 

Mr. R. S. Howes, formerly Assistant to the Rotherham 
melting shop manager, Steel, Peech and Tozer, has 
been appointed Manager of the shop. 

Mr. D. V. Jeffery has taken up an appointment with 
the Premier Wire and Steel Co., Ltd., Port Elizabeth, 
South Africa. 

Mr. G. P. Jones has left the British Iron and Steel 
Research Association and has taken up an appointment 
in the Raw Materials department of the British Iron 
and Steel Federation. 

Mr. G. L. Lewis has taken up a post as Technical Sales 
Representative with Greaves Cotton and Co., Ltd., 
Bombay. 

Dr. J. W. Martin has been appointed a Demonstrator 
in the Department of Metallurgy of Cambridge Univer- 
sity. 

Mr. P. A. Molland has relinquished his partnership 
in Davidson and Pearson and has joined the Steel 
Company of Wales Ltd. as an Assistant Sales Manager. 
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Dr. F, R. Morral has taken up an appointment with the 
Battelle Memorial Institute, Columbus, Ohio. 

Mr. D. P. C. Neave has been appointed Chairman of 
the Consolidated Zinc Corporation Ltd. 

Mr. M. C. Nickson has been awarded the degree of 
Ph.D. in the University of London. 

Mr. E. J. Prince, Assistant Superintendent of Open- 
hearth and Electric Furnaces, Dominion Iron and Steel 
Co., Ltd., Sydney, Nova Scotia, has been elected Chair- 
man for 1956 of the Cape Breton Branch of the Engineer- 
ing Institute of Canada. 

Mr. H. W. Riddervold has taken up an appointment as 
Technical Director at Raufoss Ammunisjonsfabrikker, 
Raufoss, Norway. 

Professor R. J. Sarjant, 0.B.£., has relinquished his 
appointment as Director of Research of the British 
Steel Castings Research Association, but will continue 
to act in an advisory capacity to the Association. 

Mr. §. Seoudi has been appointed General Manager 
of the Alexandria Electric Co., Alexandria, Egypt. 

Dr. A. R. E. Singer, formerly Senior Lecturer in the 
Department of Industrial Metallurgy, Birmingham 
University, has been appointed to the Chair of Physical 
Metallurgy in the University College of Swansea. 

Dr. A. H. Sully has been appointed Director of Research 
of the British Steel Castings Research Association. 

Mr. A. H. Waterfield has left the Department of 
Scientific and Industrial Research to take up an ap- 
pointment with Union Carbide Europa 8.A., Geneva. 

Mr. W. West has been appointed Chairman of the 
Fletcher Houston Co., Ltd., and Chairman of Hailwood 
and Ackroyd Ltd., Morley, Yorks. 

Mr. H. Yates has been appointed Chairman of Smith 
and McLean Ltd. 


Obituary 


Mr. James Lamb Adamson (elected 1948), of the Well- 
man Smith Owen Engineering Corporation Ltd., on 
7th February, 1956, at the age of 62. 

Sir Richard Allen, c.3.£. (elected 1903), Chairman of 
W.H. Allen Sons and Company Ltd., in July, 1955. 

Mr. Harold Shaw Jones, M.B.E. (elected 1925), of 
Stourbridge, Worcestershire, on 21st January, 1956. 

Dr. Arthur G. McKee (elected 1938), of Cleveland, 
Ohio, on 19th February, 1956. 

Mr. J. MeNeil (elected 1953), of the Mond Nickel Co., 
Ltd., in Bombay on 21st February, 1956. 

Dr. M. K. Patwardhan (elected 1954), of Benares, 
India, on 18th October, 1955. 

Mr. §. W. Pearson (elected 1941), Manager of the 
Templeborough melting shop of Steel, Peech and Tozer, 
on 21st January, 1956. 

Mr. W. B. Pickering (elected 1926), of Sheffield, on 
24th April, 1955. 

Dr. J. G. A. Skerl (elected 1946), of Sternol Ltd., on 
31st January, 1956. 

Mr. D. C. Wylie (elected 1937), of Motherwell, on 2nd 
January, 1956. 


CONTRIBUTORS TO THE JOURNAL 


Mr. J. D. Grimsley—Physical Metallurgist with the 
U.S. Naval Ordnance Laboratory, Silver Spring, Mary- 
land. 

Mr. Grimsley graduated from the New Mexico Insti- 
tute of Mining and Technology in 1949 with a Bachelor 
of Science degree in Metallurgical Engineering. From 
1950 to 1954 he was employed at the U.S. National 
Bureau of Standards as a Metallurgist, after which he 
took up his present appointment with the Naval 
Ordnance Laboratory. Mr. Grimsley is a member of 
the American Institute of Mining and Metallurgical 
Engineers. 


JOURNAL OF THE IRON AND STEEL INSTITUTE 








398 ANNOUNCEMENTS AND NEWS 


INSTITUTE OF METALS 
Spring Meeting, 1956 

The Institute of Metals’ Spring Meeting will be held 
in London from Tuesday to Friday, 10th—13th April, 
1956. An attractive programme, of interest both to the 
industrial metallurgist and the research worker, has 
been arranged. Visitors will be very welcome at the 
May Lecture; at the scientific and technical discussion, 
in which they may take part; and as guests of members at 
the Dinner and Dance. 

The May Lecture on Tuesday, 16th April, will be 
delivered by Dr. Willis Jackson, F.R.s., Director of 
Research and Education, Metropolitan-Vickers Electrical 
Co., Ltd., on ** Ferro-electrics—-The Dielectric Analogue 
of Ferromagnetics.”” On the following morning Major 
C. J. P. Ball, p.s.o., M.c., F.R.AE.S., will deliver his 
Presidential Address. 

The Metallurgical Engineering Committee has ar- 
ranged an all-day Symposium on * The Final Forming 
and Shaping of Wrought Non-ferrous Metals,” and the 
recently formed Nuclear Energy Committee has arranged 
a discussion on materials for nuclear power engineering. 


There will also be discussions on the themes: ** Powder 
Metallurgy’; ‘‘ Embrittlement and fracture”; °° Rolling 
Textures and Recrystallization ”; and ** Alloy Thermo- 
dynamics.” 


An informal Conversazione and an Exhibition of 
materials employed in nuclear energy engineering has 
been arranged at the Institute’s Headquarters, 4 Gros- 
venor Gardens, London, S.W.1, which the Council 
hopes will be well attended by members and their ladies. 


AFFILIATED LOCAL SOCIETIES 
Sheffield Metallurgical Association 


The Annual General Meeting of the Sheffield Metal- 
lurgical Association was held at the Hoyle Street Labora- 
tories of the British Iron and Steel Research Association, 
Sheffield, on 24th January, 1956, and the following 
Officers and Members of Council were elected: 

President: Mr. H. Allsop 

Vice-Presidents: Mr. P. Jubb, Mr. R. C. Baker, Profes- 

sor A. G. Quarrell, Mr. W. C. Heselwood 

Hon. Treasurer: Mr. E. T. Gill 

Hon. Secretary: Mr. J. Burnett 

Hon. Librarian: Mr. T. G. Chadwick 

Hon. Proceedings Secretary: Mr. J. F. Hinsley 

Council Members: Messrs. D. Hall, J. Russell, J. 

Spalton, K. Speight, K. C. Barraclough, H. C. 
Child, M. G. Gemmill, 8. Harrison, J. O. Ward, 
B. E. G. R. Wilkinson. 

The Secretary reported that the membership of the 
Association stood at 291, including 14 honorary members. 
The active interest in the Association was shown by the 
fact that there had been 23 applications during the year. 
The Association was now affiliated to The Iron and Steel 
Institute. Lectures delivered to the Association during 
the year totalled 21 including a series of discussion 
evenings on the electric-arc furnace arranged by the 
Refractories Group of the Association. The following 
prizes were awarded: 

Tron and Steel Prize to H. E. Gresham, Rolls Royce 
Ltd., for his paper “Some Aspects of Materials for Aero 
Engines.” 

James Taylor Prize to H. 8. Piser, Hadfields Ltd., for 
his paper ‘* Recent Advances in the Radiography of Steel.” 

Hadfield Memorial Prize to E. Johnson, William 
Jessop and Sons Ltd., for his paper ‘* Segregation in 
High-speed and Other Tool Steels.”’ 

Sorby Memorial Prize to F. B. Pickering, The United 
Steel Companies Ltd., for his paper ** The Mechanism 
of the Action of Boron in Low-alloy Steels.” 
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Association Prize was jointly awarded to B. Cartwright, 
William Jessop and Sons Ltd., and C. L. Steer, Firth 
Brown and Co., Ltd. 

Mr. P. F. Young of the Oughtibridge Silica Firebrick 
Company was elected Chairman of the Refractories 
Group in succession to Mr. A. Braybrook of William 
Jessop and Sons Ltd.; Dr. W. F. Ford is continuing as 
Secretary of the Group. Mr. B. Bagshawe of the Brown- 
Firth Research Laboratories is the new Chairman of the 
Methods of Analysis Group; Mr. F. Goodbold was re- 
appointed Group Secretary. 

The new President began his career at the Brown- 
Firth Research Laboratories in 1919; he later joined the 
Mond Nickel Company and Samuel Fox and Co., Ltd., 
before taking up his present appointment with Brown 


Bayley Steels Ltd. 25 years ago. He is now Director of 


Research. He has been a member of the Sheffield 
Metallurgical Association since 1923. 


EDUCATION 
Joint Committee for National Certificates in Metallurgy 


Since Ist January, 1955, Dr. A. D. Merriman, Registrar/ 
Secretary of The Institution of Metallurgists, has been 
Secretary of the Joint Committee for National Certifi- 
cates in Metallurgy, and the address of the Committee is 
now 28 Victoria Street, London, S.W.1. 


Report for 1954-55 
The Committee reports the following results of exam- 


inations, held in 1955, and comparative figures: 


Ordinary National Certificates 


Number of Candidates 


Technical Total awarded With With 
Year Colleges Entered Certificates Distinction Prize Award 
1946 4 28 23 + | 
1947 1] 102 69 14 hey 
1948 15 123 74 12 16 
1949 21 222 107 24 27 
1950 20 281 142 23 26 
1951 25 314 138 17 24 
1952 28 334 186 22 31 
1953 31 390 184 17 26 
1954 37 522 258 25 39 
1955 37 523 275 33 38 

2839 1456 


Higher National Certificates 


Number of Candidates 


Technical Total awarded With With 
Year Colleges Entered Certificates Distinction Prize Award 
1946 _ - _ = 
1947 2 22 18 -- ] 
1948 8 38 22 1 2 
1949 10 74 59 20 22 
1950 1] 62 42 8 10 
1951 16 110 54 5 1] 
1952 16 132 120 16 22 
1953 17 140 116 17 24 
1954 18 17? 144 22 31 
1955 21 183 138 22 30 

934 713 


Yndorsement Subjects—Ordinary National Certificate 


1955 5 59 27 1 l 


Endorsement Subjects—Higher National Certificate 
1955 11 70 66 7 7 
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Assessed Examination in Mathematics S.2 


Technical Candidates Passed 

Colleges Entered Examinations 
1952 5 77 44 
1953 ll 169 122 
1954 22 321 220 
1955 23 487 284 
1054 670 


Attention is drawn to the regulations for admission to 
the examinations of The Institution of Metallurgists. 
Candidates holding an Ordinary National Certificate in 
Metallurgy in which Chemistry and Physics are assessed 
subjects in the final year and Mathematics an assessed 
subject in the pre-final year will be regarded as satisfying 
the regulations for admission to the Institution’s exam- 
inations for Licentiateship. The regulations also provide 
for partial exemption from the Licentiateship examina- 
tion to holders of the Higher National Certificate, pro- 
vided that the standard attained in a minimum of 
three subjects approaches the standard required for 
distinction. 

The Institution has agreed to a further concession to 
holders of the Higher National Certificate. Candidates 
who obtain a Higher National Certificate but who do 
not qualify for partial exemption will be allowed to offer 
two subjects in the Licentiateship examinations in one 
year and the remaining two in a subsequent year. 

The Joint Committee is pleased to report that of the 
successful candidates for the Higher National Certifi- 
cate in Metallurgy in the four years 1952-1955 the follow- 
ing have attained the exemption standard of The Insti- 
tution of Metallurgists and qualified for exemption from 
the Licentiateship examinations in three or more sub- 
jects: 1952—15 candidates; 1953—11; 1954—21; 1955— 
24, a total of 71 candidates. 


University of Liverpool Post-graduate Courses 


The Department of Extra-mural Studies of the Univer- 
sity of Liverpool has arranged the following post-graduate 
courses for the Easter Vacation, 1956: ‘‘ Numerical 
Analysis and Digital Computing Machines” (9th—13th 
April); ‘‘ Fundamental Processes of Gaseous Discharges ”’ 
(8th-13th April); ‘‘ Basic Principles of Nuclear Engineer- 
ing” (15th-21st April). These courses are designed to 
provide information regarding recent developments in 
fundamental science which have important practical 
applications in industry. 


Chair of Physical Metallurgy—Swansea 

A Chair of Physical Metallurgy at the University 
College of Swansea has been created from funds pro- 
vided by Richard Thomas and Baldwins Ltd. and the 
Steel Company of Wales Ltd., for the encouragement of 
research in fabrication metallurgy and metallurgical 
engineering. 

The Council of the College has appointed to the Chair 
Dr. A. R. E. Singer, senior lecturer in the Department of 
Industrial Metallurgy in Birmingham University. 


BRITISH IRON AND STEEL 
RESEARCH ASSOCIATION 


Highly Alloyed Steels and Ferro-Alloys Analysis 
Sub-Committee 
The composition of the above sub-committee, which 
was responsible for the work described in the paper 
‘Determination of Vanadium in Highly Alloyed Steels ’ 
(J. Iron Steel Inst., 1955, vol. 182, Feb., pp. 156-159) 
was as follows : 
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Mr. B. Bagshawe (Chairman), Brown-Firth Research 
Laboratories (also on Methods of Analysis Committee); 
Mr. C. D. Atkinson, Sheffield Testing Works Ltd.; 
Mr. J. W. Flint, Wm. Jessop and Sons Ltd.; Mr. L. E. 
Gardner, Edgar Allen and Co., Ltd.; Mr. 8. Harrison, 
Kayser, Ellison and Co., Ltd.; Mr. J. D. Hill, Bragg 
Laboratory, N.O.1.D.; Mr. G. M. Holmes, London and 
Scandinavian Metallurgical Co., Ltd.; Mr. G. Murray, 
Brown Bayley Steels Ltd.; Mr. R. T. Postlethwaite, 
Samuel Fox and Co., Ltd.; Mr. L. N. Taylor, Samuel 
Osborn and Co., Ltd.; Mr. J. L. West, Hadfields Ltd.; 
Mr. W. Wright. Permanent Magnet Association; Mr. 
K. Speight (Acting Technical Secretary), B.AS.R.A. 


Heat Treatment Conference, 1956 

A Conference on Heat Treatment Practice will be 
held on 5th and 6th June, 1956, at Ashorne Hill, Leam- 
ington Spa. The main theme of the Conference will be 
the practical problems connected with the heat treatment 
of steel in sections ranging from small engineering com- 
ponents to large forgings. 

Details are available from the British Iron and Steel 
Research Association, 11 Park Lane, London, W.1. 

NEWS OF SCIENCE AND INDUSTRY 
Physical Chemistry in Pyrometallurgy 

A Summer School in the physical chemistry of systems 
of metallurgical interest at high temperatures will be 
held by the Nuffield Research Group in Extraction Metal- 
lurgy from 2.00 p.m. on 10th September, to noon on 
14th September, 1956, in the Department of Metallurgy, 
Imperial College, London, S.W.7. 

The course will consist of lectures on the following 
topics, supplemented by discussions, demonstrations, and 
experiments: introduction to thermodynamic concepts 
of major importance from a metallurgical standpoint; 
free-energy diagrams for systems involving pure phases 
and solutions; kinetics in high-temperature solids and 
liquids; molten metals and alloys; molten salts and slags, 
especially silicates; volatile metal compounds; techniques 
for laboratory investigations at 1000—2000° C; research 
materials and temperature measurement and control. 

The fee for the course is £10 10s. Od., reduced to 
£5 5s. Od. for present registered students of Universities. 
The numbers attending will be limited and applications 
should be made as soon as possible. Full details and 
application forms are obtainable from the Nuffield 
Research Group. 


New Secretary of D.S.I.R. 


Sir Ben Lockspeiser, K.C.B., F.R.S., has retired from the 
post of Secretary to the Committee of the Privy Council 
for Scientific and Industrial Research, on reaching the 
age of 65. Her Majesty the Queen has been graciously 
pleased to approve the appointment in his place of 
Professor H. W. Melville, F.R.s., who is now Mason 
Professor of Chemistry at the University of Birmingham. 
Professor Melville will take up his new appointment in 
August of this year. 


Latin American Steelmaking Meeting—Sao Paulo 

A Latin American Meeting of Experts on the 
Steelmaking and Transforming Industries will be held at 
Sao Paulo, Brazil, from 15th to 28th October, 1956. It is 
being sponsored by the Brazilian Government, the 
Associacio Brasileira de Metais, the Economic 
Commission for Latin America and the Technical 
Assistance Administration of the United Nations. The 
Meeting will be attended by experts from Latin America 
and elsewhere, who will be invited in their individual 
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capacities and not as representatives of their respective 
countries. 


New B.LS.F. Publications 


The first issue appeared in January, 1956, of ‘‘ Steel 
Review,” a new quarterly publication from the British 
Iron and Steel Federation. This attractive magazine, 
which contains a number of coloured charts and photo- 
graphs, deals with the whole field of the steel industry ; 
articles in the first issue include ‘ Expansion without 
Boom,’ by Roy Harrod, ‘ Corby: The New Steel Town,’ 
by Robert Kee, a graphical ‘statistical picture’ 
designed by André, and a review of present and future 
development in the world’s main steel-producing areas. 

By agreement with the Iron and Steel Board, the 
Federation’s Monthly Statistical Bulletin . will be 
published in future in ‘* Iron and Steel Monthly Statistics,” 
a new joint publication, the first issue of which appeared 
in January, 1956. 


Second World Metallurgical Congress—Chicago 


The Second World Metallurgical Congress, sponsored 
by the American Society for Metals, is to take place in 
Chicago from 2nd to 8th November, 1957. It is being 
held simultaneously with the 39th Annual National 
Metal Congress and National Metal Exposition. The 
Society for Nondestructive Testing, U.S.A., is also 
arranging its Second World Congress to take place in 
Chicago concurrently with the Metallurgical Congress. 


Journal of Royal Technical College Metallurgical Club 


The Royal Technical College Metallurgical Club are 
republishing their Journal in May, 1956, and this will 
contain news and original research papers. Copies, 
price 5s. each, may be obtained from the Metallurgical 
Club, the Royal Technical College, Glasgow, C.1. 


Second Metallurgical Colloquium—Leoben 

The Institut fiir Metallkunde und Werkstoffpriifung 
an der Montanistische Hochschule Leoben is organizing 
a Second Metallurgical Colloquium to take place in Leo- 
ben from 5th to 12th April, 1956. The Colloquium will 
deal with solid and liquid metal solutions and their 
significance. 


Production Exhibition and Conference—London 


The Production Exhibition and Conference, last 
held in 1954, is again to take place in the Grand Hall, 
Olympia, London, from 23rd to 3lst May, 1956. It will 
deal with productivity in British industry and its im- 
portance to the country’s economic progress. The 
Exhibition and Conference is sponsored by the Institu- 
tion of Production Engineers. 


DIARY 


5th Apr.—Lreps Merattureicat Socrery—“ Trends 
in Metallurgy,” by A. G. Quarrell—Large Chemistry 
Lecture Theatre, University of Leeds, 7.15 P.m. 

5th Apr.— STAFFORDSHIRE IRON AND STEEL InstITUTE— 
Evening Meeting in the North Staffordshire Area, 
“* Refractories,” by J. Mackenzie—Castle Hotel, 
Newcastle-under-Lyme, 7.00 P.M. 

5th Apr.—iInstirute or Metat Finisninc (Norta- 
West CENTRE)—‘ Technique of Racking and Jig- 
ging,” by A. Walmsley and others—The Engineers’ 
Club, Albert Square, Manchester, 7.30 P.M. 

5th-12th Apr.—Instirut FUR METALLKUNDE UND 
WERKSTOFFPRUFUNG—Second Metallurgical Collo- 
quium—‘‘ Solid and Liquid Metal Solutions and their 
Significance ’’—Montanistische Hochschule, Leoben. 

6th Apr.—InstiITUTE oF FuEL, SourH WALES SECTION 
—‘* Modern Applications of Oil Firing,” by R. J. 


JOURNAL OF THE IRON AND STEEL INSTITUTE 


ANNOUNCEMENTS AND NEWS 


Baldry—South Wales Institute of Engineers, Park 
Place, Cardiff, 6.00 P.M. 

9th Apr.—CLEVELAND INSTITUTION OF ENGINEERS— 
‘* Uses of Oxygen in Metallurgical Processes,’’ by 
J. L. Harrison—Cleveland Scientific and Technical 
Institution, Corporation Road, Middlesbrough, 6.30 
P.M. 

10th Apr.—Newporr AnD Duistrricr METALLURGICAL 
Socrery—Annual Meeting and Film Show—White- 
head Institute, Cardiff Road, Newport, 7.00 P.M. 

10th-18th Apr.—InstiruTE or Metats—Spring Meeting 
Church House, Great Smith Street, London, 8.W.1. 

11th-12th Apr.—Soctrety or CHeEmiIcaAL INDUSTRY— 
Symposium on Prevention of Corrosion in Packaging 
and Storage—The University, Edgbaston, Birming- 
ham, 2.30 p.m. and 9.30 A.M., respectively. 

12th Apr.—LiverPoot METALLURGICAL SocreTy—(i) 
** Non-Destructive Testing,” by R. F. Hanstock, (ii) 
Annual General Meeting—Liverpool Engineering 
Society, The Temple, Dale Street, Liverpool, 
7.00 P.M. 

18th Apr.—West oF Scornanp IRON AND STEEL 
InstrrutE—** Thermal and Chemical Behaviour in 
the Open-Hearth Furnace,” by P. T. Carter, W. G. 
Cameron, and Professor R. Hay—39 Elmbank 
Crescent, Glasgow—6.45 P.M. 

16th Apr.—East MipLanps METALLURGICAL SocreTy— 
Annual General Meeting followed by “Some 
Developments in the Electrodeposition of Metals and 
Alloys,’ by Professor J. W. Cuthbertson—Not- 
tingham and District Technical College, Shake- 
speare Street, Nottingham, 7.30 P.M. 

16th Apr.—SHEFFIELD SocreTy oF ENGINEERS AND 
METALLURGISTS— Film Night—The University 
Building, St. George’s Square, Sheffield, 7.30 P.M. 

17th-21st Apr.—InstirutE or Mera FinisHinc— 
Annual Conference—Blackpool. 

18th Apr.—NortH East MeErTatturcicaL Socrety— 
** Steel Structures in Relation to Brittle Fracture,” 
by A. A. Wells—Cleveland Scientific and Technical 
Institution, Middlesbrough, 7.15 P.M. 

18th-20th Apr.—UnIveRsiIry oF CALIFORNIA EXTEN- 
ston—Conference on Marine Corrosion and Fouling 
Problems—La Jolla College of the University. 

25th Apr.—InstiruTE or Merats—‘‘ The Beginnings of 
Metallography,”’ by Professor C. 8. Smith (Univer- 
sity of Chicago)—4 Grosvenor Gardens, London, 
S.W.1, 6.45 P.M. 

25th Apr.—Socrery or CHEMICAL ENGINEERS—Annual 
General Meeting and Spring Lecture “ Pitting and 
Cracking,” by U. R. Evans—S.C.I. Headquarters, 
14-16 Belgrave Square, London, 8.W.1, 6.30 P.M. 

26th Apr.—InstiruTION oF ENGINEERING INSPECTION, 
NortH WESTERN Branco—‘‘ Case Hardening and 
Heat Treatment in Cassel Salt Baths’ with film, 
by Dr. Thomas—The Engineers’ Club, Albert 
Square, Manchester, 7.30 P.M. 
May—Leeps METALLURGICAL Socrery—Annual 
General Meeting, and ‘‘ Powder Metallurgy Applied 
to Mechanical Parts’’ (with film), by H. Davies— 
Large Chemistry Lecture Theatre, University of 
Leeds, 7.15 P.M. 


TRANSLATION SERVICE 


(The previous announcement was made in the March, 
1956, issue of the Journal, p. 312.) 


TRANSLATION AVAILABLE 
No. 509 (German). W. Scumirt: ‘‘ Problems of the 
Efficiency of Open-hearth Furnaces using the 
Pig-iron/Scrap Process.” (Stahl u. Eisen, 1955, 

vol. 75, Ist Dec., pp. 1627-1640). 
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